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Abstract 
A STUDY OF TWO-PHASE REFRIGERANT BEHAVIOR IN FLATTENED TUBES 
Michael Jay Wilson 
Department of Mechanical and Industrial Engineering 
University of Illinois at Urbana-Champaign, 2001 
Ty Newell and John C. Chato, Advisors 
The purpose of this study was to observe refrigerant behavior in flattened copper 
tubes. A round, smooth tube with an internal diameter of 8.91 mm is taken as the base 
case. This tube is then successively flattened to heights of 5.74 mm, 4.15 mm, 2.57 mm, 
and 0.974 mm. Experiments were also performed with two microfin tubes, one with a 0° 
helix micro fin helix angle, and the other with an 18° microfin helix angle. Two-phase 
refrigerant side pressure drop, heat transfer, and void fraction were experimentally 
determined for each tube and flattening height, at several flow conditions. 
An analysis of the experimental data, leads to interesting discoveries in the two-
phase flow data as the tube is flattened. Shifts in the void fraction data from a continuous 
trend line suggest a flow regime change at low mass flux and low quality. As the tube is 
flattened to 0.974 mm high, a completely different void fraction trend is observed. The 
heat transfer data suggests that an optimal tube configuration may exist for refrigerant 
side heat transfer. Attempts at fundamental modeling provide an interesting view of the 
experimental data. 
Lastly, a computer simulation is used to determine the effect of flattening a tube 
on total heat exchanger performance. Benefits of flattening the tube include a substantial 
decrease in refrigerant mass, and a slightly decrease in overall tube length. 
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G 2D. 
Wei Liquid Weber number I ---
crPlgc 
x Quality 
Xs Static quality 
Xtt Lockhart-Martinelli parameter Table 2.1 
+ Turbulent Length Scale Equation 7.6 Y 
Y Premoli's volumetric quality ratio Equation 2.26 
YL Hughmark liquid volume fraction Equation 2.31 
Z Hughmark flow parameter Equation 2.28 
a Void Fraction 
p Premoli Varaible Equation 2.27 
p Helix Angle of Fins 
~m Change in mass Equation 4.1 
E Rosson and Meyers weighting variable Equation 2.102 
Y Thorn's slip factor Equation 2.8 
y Fin Apex Angle 
r Property Index Equation 2.68 
11 Constant in Nozu Correlation Equation 2.74 
K Constant in Soliman Correlation Equation 2.118 
A Dukler Correlation Parameter Equation 2.56 
Jl Viscosity 
JlI Viscosity of saturated liquid 
Jlg Viscosity of saturated vapor (gas) 
~ Two-Phase Multiplier Equation 2.38 
P Density 
PI Density of saturated liquid 
Pg Density of saturated vapor (gas) 
cr Surface tension 
XlX 
Shear Stress 
Stratification Angle 
Constant in Nozu Correlation 
xx 
Equation 2.129 
Equation 2.75 
Common Subscripts 
Di Non-Dimensional Number Based on Inner Diameter 
Dh Non-Dimensional Number Based on Hydraulic Diameter 
Inlet 
fa Free Flow Area Figure 2-4 
fc Core Flow Area Figure 2-4 
fn Nominal Flow Figure 2-4 
Liquid 
10 Liquid Only 
0 Outlet 
v Vapor 
vo Vapor Only 
XXI 
1. Introduction 
The purpose of this project is to examine refrigerant behavior (pressure drop, heat 
transfer coefficient, void fraction) in flattened copper passageways. This study, 
supported by the Copper Development Association, is motivated by the desire to explore 
the advantages and disadvantages of refrigerant flow through small copper passageways. 
Potential advantages are reduced air side pressure drop and increased air side heat 
transfer. Effects on the refrigerant side are unknown, but an educated guess would be a 
reduction in refrigerant charge, a slight increase in refrigerant side heat transfer, and a 
substantial increase in refrigerant side pressure drop. 
Twelve different channel configurations are investigated using two refrigerants, 
R134a and R41 OA. The tubes used are a smooth tube and two microfin tubes, one with 
an 18° helix angle and one with a 0° helix angle (axially grooved). The tubes are initially 
round with a 9.52 mm (3/8") outer diameter, and 8.91 mm (.351") inner base diameter. 
The tubes are then flattened into an oval shape with inside heights of 5.74 mm, 4.15 mm, 
2.57 mm, and 0.974 mm (0.226",0.163",0.101",0.0383"). These heights correspond to 
using spacers with heights of 1/4",3/16", 1/8" and 1/16". 
This document is divided into nine chapters. Chapter 2 will discuss current 
literature in two-phase flow. Chapter 3 will present the experimental facilities and 
measurement techniques. Chapters 4,5, and 6 will present the void fraction, pressure 
drop, and heat transfer coefficient data, respectively. In Chapter 7, a simulation model 
made with the experimental results will be presented. Chapter 8 will discuss a modeling 
effort assuming a turbulent velocity profile in the liquid layer, and Chapter 9 will 
summarize the report. 
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2. Literature Review 
This literature review will primarily discuss round tubes (both smooth and microfin) 
and aluminum microchannel heat exchangers, because little information exists on flow in 
flat passageways. Two-phase flow regimes, void fraction models, pressure drop models, 
and heat transfer models, as well as parameters used in these models will be discussed in 
this section. 
2.1 Two Phase Flow Parameters 
Several non-dimensional numbers are used frequently in the correlations that appear 
in the following sections. These are very similar to parameters used in single-phase flow 
(Reynolds Number, Nusselt Number, Prandtl Number, etc.) but sometimes take on special 
meanings when pertaining to two-phase fluid dynamics. The most frequently used 
numbers are in Table 2-1. Numbers that are infrequently used only appear with the 
correlation they are used with and are given a special subscript to keep the correlations 
straight. 
2.2 Two Phase Flow Regimes 
One of the most important characteristics of a two-phase flow is its flow regime. 
Flow regimes of importance include stratified flow, wavy flow, annular flow, mist flow, 
and slug-plug flow. The positioning of the liquid and vapor fractions of a two phase flow 
in relation to each other, and to the tube wall, have profound effects on the heat transfer, 
pressure drop, and void fraction. Figure 2-1 is a schematic of the flow regimes that are 
common in a heat exchanger when a two-phase refrigerant flow is present. 
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Table 2-1 Frequently Used Non-Dimensional Groups 
GROUP INTERPRET A TION DEFINITION 
Reynolds Number Ratio of Inertial to GD//-t 
Re Viscous Forces 
Superficial Reynolds Assumes actual phase 
Rei = 
GD(1- x) liquid Number flow rate occupies the /-tl 
entire tube GxD Rei, Rev Rev = -- vapor 
/-tv 
Phase Only Reynolds Assumes all flow Relo = GD liquid only Number consists of liquid or /-tl 
vapor only GD Relo, Revo Re vo = - vapor only 
/-tv 
Froude Rate Ratio of Vapor Inertia I 
Ft to Power Needed to [ x3Q' T Ft= 
Lift Liquid Film p}gD(1- x) 
Liquid Froude Number Ratio of Inertial to 
Frl = 
G 
Frl Gravitational Forces PIJgD 
Two-Phase Froude Ratio of Vapor Inertia Fr = Gx 
Number to Gravitational 
tp JPv(PI -pJDg 
Frto Energy 
Liquid Weber Number Inertial to Surface G 2D 
Wei Tension Forces Wei =--Pia 
Nusselt Number Dimensionless Heat Nu= hD 
Nu Transfer Coefficient kl 
Liquid Prandtl Number Ratio of momentum P /-tICp,1 
Prl diffusivity to heat rl =--
diffusivity kl 
Galileo Number Ratio of Gravitational Ga = PI (PI - pJgD3 
Ga to Viscous Forces /-t~ 
Jakob Number Ratio of Sensible to cp,I(Tsat - Tw) 
Jal Latent Energy Jal = h lv 
Turbulent Martinelli Vapor to Liquid Xu=c:xn::r(~r Parameter Pressure Drop Xtt 
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2.2.1 Flow Characteristics 
At low void fractions and low mass flow rates, an intermittent or slug/plug flow is 
often seen. In this regime, vapor plugs flowing through a liquid medium characterize the 
flow. At higher void fractions and mass flow rates three flow regimes are most commonly 
seen: stratified flow, stratified wavy flow, and annular flow. Stratified flow closely 
resembles flow in a sewer pipe, in which low speed liquid flows along the bottom of the 
tube and high speed vapor flows along the top of the tube. As mass flux and quality 
increase (also leading to an increasing void fraction) vapor eddies crash into the liquid pool 
causing waves in liquid pool. These waves along with surface tension effects allow the 
liquid to be distributed along the sides of the tube. This flow regime is described as a 
stratified wavy flow. As the mass flux and/or quality increase even further, the liquid pool 
spreads out more evenly along the tube, and the flow transitions into a liquid ring around 
the sides of the tube with a vapor core. This flow is called annular flow. 
2.2.2 Flow Regime Maps 
Many methods of determining the flow regime in round smooth tubes exist. Baker 
(1954) devised the first known method using air-water and oil-water flows in 25mm-
lOOmm (1" - 4") tubes. Baker's map consisted of plotting superficial liquid and vapor 
mass fluxes and mapping curves to show boundaries between flow regimes. Though newer 
flow regime maps are able to more accurately predict flow regimes, Baker's map retains 
historical significance as the first recognized work in flow regime mapping. 
Another method is that of Mandhane et al.(1974). Mandhane's map was based on 
air- water data in 25mm-lOOmm tubes. Mandhane's map is graph of superficial liquid vs. 
superficial vapor velocity. Wattelet (1994) found systematic problems with Mandhane's 
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map when applied to refrigerant data in smaller tubes. He believed these errors were due to 
the much higher vapor density of a refrigerant when compared to air. Dobson (1994) and 
Dobson and Chato (1998) used a correction factor based on the square root of the density 
ratio to significantly improve this map. 
Taitel and Dukler (1976) created a theoretically based flow regime map. Wattelet 
(1994) found that the Taitel- Dukler map worked well for refrigerants. One of the features 
of the Taitel- Dukler map is that boundaries are given between the stratified, stratified-
wavy, annular, and slug-plug flow regimes. Figure 2-2 shows the Taitel-Dukler map with 
round tube flow conditions used in this study. 
The annular to intermittent flow regime is entirely a function ofXtt . Intermittent 
flow is predicted for Xtt > 1.6 and annular flow for Xtt < 1.6. The transition between 
stratified flow with annular flow and intermittent flow is a function of both Xtt and the 
Taitel-Dukler Froude Number Ftd 
(2.01) 
Taitel and Dukler found that the transition from stratified flow to annular flow occurs at 
(2.02) 
~h -~ 1-
D 
(2.03) 
(2.04) 
(2.05) 
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Where hI is the liquid height, and Av is the vapor area, which can be calculated by using 
geometrical relations if the void fraction (a) is known. 
Soliman (1982) gives mathematical inequalities that correspond to flow regime 
boundaries. These inequalities are based on a modified Froude number, 
Frso = 0.025 Re:.59 1+1.09Xtt · Ga-O.5 ( 0039 JI.5 
Xtt 
ReI < 1250 (2.06a) 
Frso = 1.26 Re: .04 1 + 1.09Xtt . Ga -0.5 ( 0039 JI.5 
Xtt 
ReI> 1250 (2.06b) 
Dobson (1994) uses the Soliman transitions with a slight modification in his heat transfer 
correlations. Soliman concluded that wavy (stratified) flow was present for Frso < 7 and 
annular flow for Frso> 7. Dobson reported that Frso = 7 was a good indicator of the 
transition between annular and stratified flow, yet a uniform annular flow was not seen 
until Frso=18. 
Kattan et al. (1998) suggests a flow regime mapping method for new refrigerants in 
evaporation. Kattan et. aI., build upon the work of Steiner (1993), who modified the Taitel-
Dukler flow map for R12 and R22 evaporation data. 
Damianides and Westwater (1998) studied flow configuration in compact heat 
exchangers (hydraulic diameters of 1-2 mm) and small round smooth tubes (1-5 mm). 
Using air and water mixtures, they discovered that in the 1 mm tube there was no stratified 
flow. In the 1-2 mm diameter tubes the intermittent (slug/plug) and annular regimes 
predominated. 
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2.2.3 Theoretical Flow Regimes 
Two flow regimes that may bound the expected range of results are the 
"homogenous" and the "separated" flow regimes. These ideal flows form conceptual limits 
for understanding the actual flow field characteristics. 
In the homogenous regime, the liquid and vapor phases flow as if they were a single 
fluid. This may occur in the slug-plug flow, mist flow, or bubbly flow where the two 
phases have equal velocities. The equations governing this regime are the single-phase 
equations with the density and viscosity weighted by the void fraction (a). 
1 (2.07) 
(2.08) 
(2.09) 
An ideal homogenous flow is very efficient due to the lack of liquid-vapor interactions. 
They are characterized by low pressure drops and high void fractions. 
The separated flow regime occurs when the liquid and vapor flow independently of 
each other. Mathematically this flow can be described by equating the pressure gradients 
driving each flow. 
(2.1 0) 
Separated flow conditions result in higher-pressure drops and lower void fractions than 
other regimes 
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2.3 Void Fraction Review 
A complete review of refrigerant void fraction (a) in smooth tubes appears in VIVC 
ACRC technical reports by Graham et al. (1998a), Kopke et al. (1998), Wilson et al. 
(1998), and Yashar et al. (1998). Refrigerant void fraction data was collected for round 
tubes with diameters from 4 mm to 9 mm. All of these reports referred to a paper by Rice 
(1987), which reviewed several void fraction models found in the literature. Rice separated 
the models into 4 categories: homogenous, slip-ratio, Lockhart-Martinelli, and mass-flux 
dependent. A plot of the void fractions predicted by these models for a typical refrigerant 
application appears in Figure 2-3. 
2.3.1 Slip Ratio 
Several correlations are of the form 
1 (2.11 ) 
where S is the slip ratio. In a physical sense the slip ratio is the ratio of vapor velocity to 
liquid velocity. The homogenous correlation is a special case where the slip ratio is 1. 
Rigot's (1973) correlation is one of the simplest correlations in which a constant 
slip ratio is suggested. 
S=2 (2.12) 
Zivi (1964) derived a model based on the assumption that in a steady state 
thermodynamic process the rate of entropy production is minimized. Zivi assumed that the 
flow was steady and annular, and that wall friction was negligible. Zivi did not account for 
liquid entrainment. Vsing these assumptions, Zivi found the slip ratio S to be 
8 
(2.13) 
and the void fraction can be calculated by 
1 (2.14) a = -------=-2 
l+C:X X:} 
Using the data from other sources to evaluate his model, Zivi concluded that his 
model provided the lower bound while the homogenous model provided the upper bound. 
Zivi also noted that these two models approach each other as pressure is increased. Zivi 
proposed that liquid entrainment was needed to interpolate between the two models. He 
suggested that further experiments and theoretical modeling be done to explore liquid 
entrainment. 
Smith (1969) derived a model based on equal velocity heads. Smith's assumptions 
were that the flow is annular with a liquid phase and a homogenous mixture phase, the 
homogenous and liquid phase have the same velocity heads (PIV?=Pm V m2), the 
homogenous mixture behaves as a single fluid with variable density, and that thermal 
equilibrium exists. 
Smith then established the variable K defined as the mass ratio of water flowing in a 
homogenous mixture to the total mass of water flowing. This ratio simply describes the 
amount of water entrained in the homogenous mixture. From these assumptions the slip 
ratio was found to be 
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I 
PI K(I-X) 2 
S=K+(1-K) p:-+ ~ 
I+KC:X) (2.15) 
Smith found that an entrainment ratio of 40% (K=O.4) correlated the data quite well. He 
compared his correlation to steam-water and air-water data and found his correlation to be 
accurate within 10%. 
Before discussing the next correlations the property indexes (P.I1) and (P.I.2) must 
be defined. The property indices were given in Rice's (1987) analysis and are used in other 
correlations. 
(2.16) 
P.L2 = (l:!..JO.2 & = (~JO.2 . P.LI 
J.lv PI J.lv 
(2.17) 
Ahrens (1983) suggested the steam/water data presented by Thorn (1964) 
generalized by P.1.2 to be a suitable void fraction model. Rice presents the Ahrens-Thorn 
correlation in Table 2.2. 
Table 2-2 Ahrens-Thorn Correlation 
P.1.2 S 
0.00116 6.45 
0.0154 2.48 
0.0375 1.92 
0.0878 1.57 
0.187 1.35 
0.466 1.15 
1.0 1 
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Levy's (1960) correlation was derived from a momentum exchange model that 
assumes equal friction and head losses between the fluid and gaseous phases. 
a(1-2a)+a 
(2.18) 
(J-2a)2 +a[z(~;}J-a)2 +a(1- 2a)] 
x=--------~~~----------------------2(~)-a)2 +a(J-2a) 
Levy found his correlation to hold well at high pressures and high steam qualities, but 
otherwise his correlation under-predicted the void fraction by at least 20%. 
2.3.2 Lockhart-Martinelli 
This set of correlations employ the Lockhart-Martinelli parameter (1949) for two 
phase flow. 
Baroczy (1965) developed a correlation based on Xtt and PJ.2. Baroczy's 
correlation was based on liquid mercury-nitrogen and air-water data. Baroczy made his 
correlation in tabular form for calculating the liquid fraction. To find the void fraction, 
subtract the liquid fraction from 1. 
Table 2-3 Baroczy Correlation 
0.0000 
0.0001 
0.0004 
0.001 
0.004 
0.01 
0.04 
0.1 
1 
0.01 0.04 
0.002 
0.001 0.006 
0.004 0.016 
0.005 0.021 
0.005 0.025 
0.005 0.026 
0.006 0.028 
0.1 
0.001 
0.007 
0.017 
0.037 
0.047 
0.059 
0.064 
0.072 
0.2 0.5 1 3 
Liquid Fraction (I-a) 
0.001 0.009 0.06 0.1 
0.005 0.030 0.10 0.2 
0.180 0.066 0.14 0.2 
0.034 0.091 0.17 0.3 
0.065 0.134 0.22 0.3 
0.084 0.165 0.26 0.4 
0.105 0.215 0.33 0.5 
0.117 0.242 0.38 0.6 
0.140 0.320 .500 0.7 
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5 10 I 30 I 100 I 
0.2 0.3 0.4 0.71 
0.2 0.3 0.5 0.79 
0.3 0.4 0.6 0.85 
0.4 0.5 0.7 0.88 
0.4 0.5 0.8 0.92 
0.5 0.6 0.8 0.94 
0.6 0.7 0.9 0.96 
0.7 0.7 0.9 0.98 
0.8 0.9 0.9 0.99 
Baroczy noted that his correlation gave good correspondence to experimental data for 
steam and Santo wax R, a coolant. 
Lockhart and Martinelli's two-phase pressure drop work also presented void 
fraction data. Wallis (1969) correlated the void fraction data 
a = (1 + Xtt 0.8 )-0.378 (2.19) 
Wallis states that the Lockhart-Martinelli parameter balances frictional shear stress with 
pressure drop. Therefore, error increases as the frictional portion of the pressure drop 
decreases with respect to other terms. 
Domanski et al. (1983) adjusted the Wallis correlation. Domanski stated that the 
Wallis correlation was to be followed for Xtt less than 10, and a new correlation be used for 
Xtt greater than 10. 
Xtt<1O 
a = .823 -.157 .In(X tt ) 10<Xtt<189 
2.3.3 Mass Flux Dependent Correlations 
(2.20a) 
(2.20b) 
The next set of correlations suggest that void fraction is a function of mass flux as well 
as properties of the fluid and the pipe. 
Tandon et al.(1985) assumes the flow to be steady, one dimensional, and annular 
with an axis-symmetric liquid annulus and a vapor core with no liquid entrainment. Both 
the liquid and vapor flows are assumed to be turbulent and follow the von Karman velocity 
profile. Using established correlations for film thickness, shear stress and pressure drop, 
Tandon was able to derive an expression for void fraction based on the Lockhart-Martinelli 
parameter and the Reynolds number. 
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for 50<Re)<1125 (2.21 a) 
-0.088 -0. I 76 
ex = 1- 0.38 ReI + 0.0361 ReI 2 
F(Xtt ) F(Xtt ) 
(2.21 b) 
(2.22) 
Tandon's correlation does include mass flux effects but only slightly. Tandon found his 
correlation to be valid within 10% at pressures below 2100 kPa, but only satisfactory 
performance at higher pressures. Tandon concluded that his model was more accurate than 
Zivi's and Wallis's, but that Smith's correlation showed similar accuracy. 
Premoli et al.(l971) developed a correlation to predict void fraction for two-phase 
mixtures flowing upward in adiabatic channels. The correlation was empirically developed 
by a large number of experiments and varying mixture velocities, fluid properties, and 
channel geometries. Premoli developed the correlation by comparing slip-ratios and 
governing parameters, then optimized the correlation by minimizing density calculation 
errors. The correlation follows the slip ratio form of Equation 2.11 and is defined as 
follows 
) 
S = I+F1C +~2Y -F2Y)' (2.23) 
( JO.22 FI = 1.578 Re l - 0.19 :~ (2.24) 
( J-0.08 F2 = 0.0273Wel Re l - 0.51 :~ (2.25) 
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f3 y=-
1- f3 (2.26) 
(2.27) 
Premoli found his correlation to hold within 5% of experimental results. 
Hughmark (1962) developed a correlation for void fraction that was an expansion 
on the earlier work of Bankoff (1960). Bankoff suggested a model in which the mixture 
flows as a suspension of bubbles in the liquid. The concentration of bubbles is highest in 
the center and decreases in the radial direction. Bankoff s correlation holds well for a 
steam-water system, but is flawed for an air-liquid system. 
Bankoffs work influenced Hughmark to assume void fraction was dependent on 
the Reynolds, Froude, and Weber numbers (Hughmark later found the Weber number to be 
insignificant). Hughmark's correlation is as follows: 
(2.28) 
(2.29) 
(2.30) 
1 (2.31 ) 
The difficulty in using the Hughmark correlation is that it is iterative. First the void 
fraction must be guessed. Then the two-phase flow parameters (Rea, FrH, yL) can be 
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calculated. Next, Z is calculated, KH is looked up, the new void fraction is calculated, and 
then the void fraction guess can be checked. This procedure is repeated until the guessed 
void fraction matches the calculated void fraction. 
Table 2-4 Hughmark Flow Parameter KH as a function of Z 
Z KH 
1.3 0.185 
1.5 0.225 
2.0 0.325 
3.0 0.49 
4.0 0.605 
5.0 0.675 
6.0 0.72 
8.0 0.767 
10 0.78 
15 0.808 
20 0.83 
40 0.88 
70 0.93 
130 0.98 
(2.32) 
Graham et al. (1998) provides a correlation based on work done with R134a and 
R410A in condensation. Graham performed experiments with a horizontal smooth tube 
while varying the inlet quality and mass flux. Graham found that his data correlated with 
the Froude Rate parameter derived by Hulburt and Newell (1997). Graham's correlation is 
as follows: 
a = 1- exp[-I- 0.3 ·In(Ft) - 0.0328· (In(Ft))2)] Ft>0.01032 (2.33a) 
a=O Ft<0.01032 (2.33b) 
Graham stated that his correlation predicted the experimental data within 10%. 
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Graham et al. (1998b) gives a revision of the Wallis void fraction correlation with 
the addition of a mass flux dependent term. Graham et al. suggests the following 
correlation to be used for refrigerant void fractions in both condensation and evaporation in 
smooth tubes. 
a = (1 + XI! + 1 I Ftr°.321 (2.34) 
In microfin tubes, Yashar et al. (2000) suggest using equation 2.34 in evaporation, but a 
slight change of the exponent for condensation 
(2.35) 
2.4 Two Phase Pressure Drop 
In two-phase flow there are three components to the pressure drop, frictional, 
accelerational, and gravitational. 
dP) dP) dP) dP) 
dz tp =dz f+dz a+dz g 
(2.36) 
In horizontal tube studies, the gravitational pressure drop is ignored. The acceleration 
component can be calculated from a momentum balance if the void fraction is known 
(2.37) 
To determine the frictional component of the pressure drop, a correlation usually built on 
experimental results is used. 
Many two-phase pressure drop correlations take the form of a two-phase multiplier 
~x where the two-phase pressure drop is related to either the liquid or vapor single-phase 
pressure drop. The two-phase multiplier is defined as 
(2.38a) 
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(2.38b) 
dPJ - ~2 (dPJ 
dz r - 10 dz 10 (2.38c) 
dPJ =~2 (dPJ dZ r vOdz vo (2.38d) 
where 1 is for liquid, v for vapor, 10 for liquid only, or vo for vapor only. The single-phase 
pressure drop can be calculated by 
dPJ = 2fl(l-xYG 2 
dz I PI D 
dPJ 2fvoG2 =-
dz vo Pv D 
dPJ 2floG
2 
= 
dz vo PI D 
The single-phase friction factor (f) is calculated by either 
f = 0.079 Re-o.25 
or 
f = 0.046 Re -0.2 
where the Reynolds number (Re) is defined by 
Re = GxD 
v 
/-tv 
ReI = G(1-x)D 
/-tl 
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(2.39a) 
(2.39b) 
(2.39c) 
(2.39d) 
(2.40a) 
(2.40b) 
(2.41 a) 
(2.41 b) 
OD Re =-YO 
~y 
OD Re 10 =-
~I 
(2.41 c) 
(2.41 d) 
According to Incropera and Dewitt (1996) equation 2.40a is preferred for Re < 2'104 and 
2.40b for Re > 2.104. It is also noted that in the literature equation 2.40a is usually used 
with fvo and flo while equation 2.40b is usually used with fI and fv. Figures 2-5 through 2-8 
depict variations in the pressure drop prediction of the proceeding correlations. 
2.4.1 Round Smooth Tube Correlations 
McAdams et al. (1942) developed a correlation based on a homogenous flow 
solution and on data from benzene-oil mixtures. McAdams et al. concluded that the two-
phase multiplier was solely based on quality, density and viscosity ratios. 
(2.42) 
McAdams used equation 2.40a for the friction factor. 
Bo Pierre (1964) studied frictional two-phase pressure drop in the evaporation of 
R12 and R22. For straight horizontal tubes without oil, Bo Pierre found that the friction 
factor could be correlated in terms of the Reynolds number and a boiling number Kf . 
8P) = ~[f + L1X D] 
8z f pyD BO xL 
f = 0 0185· K 0.25 Re -0.25 
80' f 10 
K _ h 1y L1X 
f - Lg 
(2.43) 
(2.44) 
(2.45) 
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Several works on two-phase flow refer back to the work by Lockhart and Martinelli 
(1949). Lockhart and Martinelli analyzed two-phase data for the isothermal flow of air 
with various liquids including benzene, kerosene, water and oils in pipes with diameters 
from 1.4 mm to 4 mm. Four types of flow exist as each phase could be in laminar or 
turbulent flow. It was found that the two-phase pressure drop could be correlated to a 
parameter X which also depended on the flow type. X is defined as the square root of the 
ratio between vapor pressure drop to liquid pressure drop 
(2.46) 
It was found that for each flow type X reduces to a ratio of phase flow rate and properties. 
(2.47a) 
( )( JO.5 0.1 XJt=18.65 I-x & Rev 
x p Reo.5 I I 
(2.47b) 
X_I 1 - x P v Re v ( )( Jo.5 0.5 
tI - 18.65 ~ Pt Re~·1 (2.47c) 
(2.47d) 
The first subscript is for the liquid and the second for the vapor phase. In refrigerant flows 
both phases are usually assumed to be turbulent and Xu is commonly used. 
Jung and Rademacher (1989) discovered that the density and viscosity ratios in the 
Lockhart Martinelli parameter could be related to the reduced pressure. 
(2.47e) 
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Table 2-5 gives values for A and m for various fluids. 
Table 2-5 Constants Relating Lockhart Martinelli Parameter to Reduced Pressure 
Fluid A m 
Water 0.452 0.506 
Ammonia 0.489 0.493 
R134a 0.543 0.492 
R410A 0.518 0.493 
R12 0.565 0.501 
R22 0.554 0.505 
Jung and Rademacher suggest A=0.551 and m=0.492 for refrigerants. 
Chisholm (1968) correlated Lockhart and Martinelli's results into an equation 
2 C 1 
'" =1+-+-
'1'1 X X 2 
It It 
(2.48a) 
(2.48b) 
Table 2-6 Chisholm Correlation Constants 
liquid vapor C 
laminar laminar 5 
laminar turbulent 12 
turbulent laminar 10 
turbulent turbulent 20 
Chisholm suggested using equation 2.40b for the friction factor. In most refrigerant 
applications, both phases are assumed to be turbulent throughout the heat exchanger. 
Soliman (1968) correlated Lockhart and Martinelli's results to obtain an algebraic 
expression for the two-phase multiplier as a function ofXtt• Soliman used equation 2.40b 
to express the friction factor. 
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~v = 1 + 2.85 . X tt 0.523 (2.49) 
Dukler et al. (1964) developed a two-phase frictional pressure drop model based on 
a similarity solution with single-phase flow. The pressure drop was found to be primarily 
dependent on the liquid fraction (A). 
dP) =_ 2foG 2C(A)P 
dz f DPns 
(2.50) 
fo = 0.0014 + 0.125[GDPJ-0.32 
!J.ns 
(2.51 ) 
C(A) = 1- InA 
1.281 + .478 InA + .44(ln 11.)2 + .094(lnA)3 + 0.00843(lnA)4 (2.52) 
p={ll.~+~. (l-A)2} 
Pns 1- a Pns a 
(2.53) 
(2.54) 
(2.55) 
1 
A = 1- a hom ogenous = X P 
1+ __ ·_1 
(2.56) 
I-x Pv 
It is noted here that equation 2.56 is misprinted in many sources. 
Friedel (1979) developed a correlation on data from experiments with water, R12, 
air-water, and air-oil mixtures in horizontal flow and both vertical up and vertical down 
flow. Pressure drop data was taken for circular tubes as well as rectangular and annular 
tubes. For horizontal flow, Friedel found that the two-phase multiplier depended on ratios 
of the density, viscosity, and phase only friction factors, as well as the quality and two-
phase Froude and Weber numbers. 
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Al = (1- X)2 + X2(~J(fvo J Pv flo 
A, =X078 (I-X)O"(;:J 
( X 1- XJ-l PIP = -+--Pv Pl 
Where the two-phase Weber and Froude numbers are defined as 
02D 
WeF =--
PIper 
0 2 FrF =--
ptpDg 
(2.57) 
(2.58) 
(2.59) 
(2.60) 
(2.61) 
(2.62) 
Hewitt (1992) and Moser (1998) found that the Friedel correlation worked well for 
refrigerants. 
As a response to the Montreal Protocol, Jung and Radermacher (1989) conducted a 
series of pressure drop experiments with mixtures ofRl2, R22, R114, and R152a. Jung and 
Radermacher found no dependence on composition and that the two-phase multiplier 
showed good correlation with Xtt . 
,t..2 =1282.X-1.47 (I_x)1.8 
'1'10 • It (2.63) 
As a response to a demand for alternative refrigerants, Souza et. aI. (1993) 
performed pressure drop tests on R12 and its replacement R134a. Adiabatic tests were 
conducted on a 10.9 mm tube at 5 °C with mass flux varying from 200-600 kg/m2s. Souza 
et aI. found the two-phase multiplier to be a function of both Xtt and the liquid Froude 
Number FrJ. The Froude Number served to distinguish flow regimes 
(2.64) 
22 
c1 = 4.172 + 5.48Fr1 -1.564Fr,2 FrJ < 0.7 (2.65a) 
c1 = 7.242 FrJ > 0.7 (2.65b) 
c2 = 1.773 - 0.169Fr, FrJ < 0.7 (2.66a) 
c2 = 1.655 Ff] > 0.7 (2.66b) 
Souza et al. found their correlation to be valid to with 10%. 
Souza and Pimenta (1995) performed frictional pressure drop experiments with 
R12, R22, and proposed replacements for R22 (RI34a, MP-39 (R22 52%, R124 33%, 
R152a 15%) and an R32/R125 mix (60/40». Souza and Pimenta found the two-phase 
multiplier to be dependent on quality, Xtt , and a two-phase function gamma. 
(2.67) 
( J0.5( JO.'25 r= E1- & 
Pv Jl, 
(2.68) 
Souza and Pimenta found that their correlation predicted their experimental pressure drop 
to within 20%. 
Ebisu and Torikoshi (1998) performed pressure drop experiments with R22 and 
R22 replacements R407C and R41 OA. Their tests were conducted in a 7 mm horizontal 
tube at a mass fluxes of 150 and 300 kg/m2s in both evaporation and condensation. Ebisu 
and Torikoshi found good correlation between the two-phase multiplier and Xtt in both 
evaporation (equation 2.69a) and condensation (equation 2.69b). 
(2.69a) 
~, = 2.20. XII -0.775 (2.69b) 
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2.4.2 Microfin Tube Correlations 
Cavallini et al. (1999) developed a correlation based on several sources for 
refrigerant data in microfin tubes. The correlation gives a relation for e/d, the roughness 
ratio, used in calculating a rough tube friction factor. Cavallini et al. recommends using the 
rough tube friction factor in the Friedel correlation. 
~ = 0 18(~)( 1 J d . D 0.1 + cos p (2.70) 
In equation (2.70), h is the fin height and p the fin helix angle. 
Nozu et al. (1998) performed tests using R11 in two different microfin tubes. Nozu 
et al. found the two-phase multiplier to be dependent on fin geometry, heat transfer rate, Xtt 
, and void fraction. 
Re _ Ox. D j 
NZ -
a J.lv 
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(2.71) 
(2.72) 
(2.73) 
(2.74a) 
(2.74b) 
(2.75) 
(2.76) 
- =(~+C;-dP) {dP) 
dZ f dz v 
(2.77) 
Where Di is the inner diameter (fin to fin), Dh is the hydraulic diameter (4A1P), Afa is the 
actual free flow area, and Afn is the nominal flow area (area based on inner diameter). 
These parameters are show in Figure 2-4. Nozu et al. suggests using the Fauske equation 
for void fraction. 
1 (2.78) u=-----== 
1+ I-x ~P. 
X PI 
Haraguchi et al. (1994) developed a pressure drop correlation for refrigerant flow in 
microfin tubes. Experiments were performed with R22, R134a, and R123 in an 8.48 mm 
i.d. tube with 60 fins of height 0.17 mm and an 18° helix angle. Haraguchi et al. found the 
two-phase multiplier to be dependent on the quality, Xtt , and a two-phase Froude Number. 
{ }
2 F 0.75 ~~ ~ I + os( :-) X,.''' smooth (2.79a) 
{ }
2 F 0.35 ~~ ~ 1.l+3.{ :-) X,''' microfin (2.79b) 
Kaushik and Azer (1990) presented R113 pressure drop data taken in 12 mm to 18 
mm micro fin tubes. The penalty factor (P.F.) is defined as the ratio of micro fin pressure 
drop to smooth tube pressure drop. Kaushik and Azer define the smooth tube pressure drop 
to be described by the Dukler correlation. 
P.F. = dPmf 
dPsm 
(2.80) 
25 
( )
3072 
P.F.= Ara 
Arc 
P.F. = (Ara )1002(Afa )-1.7 
Arc Afn 
if 
if 
( Afa) > 1.4 
Arc 
(2.81a) 
( Ara) < 1.4 
Arc 
(2.81 b) 
In equation (2.81), Afa is the actual flow area. See Figure 2-4 for a description of the 
parameters used in this correlation. 
Kedzierski et al.(1999) performed pressure drop experiments with R22, R32, R125, 
R134a, R41OA, R407C and a R32/R134a (25%175% mass) mixture. Kedzierski et al. 
suggest a modification of the Bo Pierre correlation for diabatic flows in micro fin tubes. 
4A Dh = _c cos(fJ) p 
f - 0 00506Re-000951 K°.l 554 N - • 10 r 
(2.82) 
(2.83) 
(2.84) 
Christofferson et al. (1993) also described the pressure drop through microfin tubes 
as having a penalty factor as compared to smooth tubes. Christofferson et al suggested 
using the Souza and Pimenta correlation for smooth tube pressure drop then multiplying by 
the penalty factor to get the microfin tube pressure drop. Newell and Shah (199) used 
Christofferson's data to develop penalty factors related to the liquid to vapor refrigerant 
density ratio. 
P.F. = 1.55 (2.85a) 
P.F. = 1.71-17.5(P~) 0.01 < (p~) < 0.03 (2.85b) 
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P.F. = 1.19 (2.85c) 
2.4.3 Microchannel Pressure Drop Correlations 
Yang and Webb (1996) perfonned both single-phase liquid and two-phase pressure 
drop work with R12 in smooth rectangular and enhanced rectangular micro-channel heat 
exchangers. Yang and Webb developed their correlation based on the Akers et al.(1959) 
method of an equivalent mass flux. 
GDh Re Dh =--
PI 
fsm,1 = 0.0676 . Re~~22 smooth tube 
fmr ,I = 0.0814 . Re~~22 microfin tube 
GeqD Re =--eq 
III 
L = 0.435 Re~~12 
It 
(2.86) 
(2.87a) 
(2.87b) 
(2.88) 
(2.89) 
(2.90) 
(2.91) 
Yang and Webb found their correlation could predict the experimental data to within 20%. 
This correlation is named Webbl in Figure 2-8 and in the figures at the end of Chapter 4. 
Yang and Webb also gave a revised Chisholm correlation to present their results. 
For Rey > 2000, 
~~ = 1.66 + 3.33X + 0.83X2 smooth (2.92a) 
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~~ = 1.77 + 2.37X + 1.03X2 microfin (2.92b) 
This revised Chisholm correlation is named Webb2 in Figure 2-8 and in the figures at the 
end of Chapter 4. 
Zhang and Kwon (1999) performed pressure drop experiments with R22, R134a 
and R404A in two round copper tubes with diameters of 6.20 mm and 3.25 mm and a 
multi-port flat extruded aluminum channel with a 2.13 mm hydraulic diameter. The two-
phase multiplier was found to be 
<I>~ ~ (1- x)' + 2.87X'(:' r + 1.68xo, (1- X)O"(:, f'" (2.93) 
Using equation 2.40a for the friction factor, Zhang and Kwon found this correlation to 
predict their data to within 15%. 
Yan and Lin (1998,1999) performed a heat transfer and pressure drop experiments 
in a 2.0 mm copper tube with R134a. The saturation temperature ranged from 25 to 50°C 
in condensation and from 5 to 31°C in evaporation. The two-phase friction factor can be 
calculated by 
(2.94a) 
ftp = 498.3 Re~~·074 (2.94b) 
(2.94c) 
where equation 2.94a is used in evaporation and 2.94b in condensation. Yan and Lin found 
their correlation matched their results within 17%. 
Two-phase frictional pressure gradients in small horizontal rectangular channels 
were studied by Wambsganss et al. (1992). Adiabatic flows of an air-water mixture at near 
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atmospheric pressure were studied in a 19.05 x 3.18 mm channel. Wambsganss et al. 
modified the Chisholm relations using Relo and Xtt 
C=aX b (2.95) 
Table 2-7 Wambsganss Constants 
a b 
Relo <2000 -2.44+0.00939Relo -0.938+0.000432Relo 
Relo> 2000 21 0 
2.5 Two-Phase Heat Transfer 
The most common flow regimes for a condensing refrigerant are the stratified and 
annular flow regimes. The flow will configure itself into other regimes such as mist or 
intermittent flow, but the length of the tube where these regimes exist are small compared 
to the length of both the annular and stratified regimes. Correlations exist to predict the 
heat transfer coefficient in both the stratified and annular regimes. Figure 2-9 compares 
several of the correlations discussed in the following sections. 
2.5.1 Stratified Flow Smooth Tube Two-Phase Heat Transfer 
Chato (1962) developed a correlation for two-phase stratified flow at low vapor 
velocities. He neglected heat transfer in the liquid pool and hypothesized that the bulk of 
the heat transfer was occurring in the film on the sides of the tube. He developed a 
similarity solution based on external falling film heat transfer, and then adjusted that model 
to the account for the height of the liquid pool. He found that his heat transfer data could 
be reasonably predicted by 
(2.96) 
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The constant 0.555 is 76% of 0.728, the value accepted for external condensation on a 
cylinder. (lncropera & Dewitt equation 10.40) 
Jaster and Kosky (1976) proposed a correlation similar to that ofChato's with the 
addition of a void fraction term for determining the depth of the liquid pool. They 
proposed the following correlation in conjunction with using Zivi's void fraction 
correlation. 
(2.97) 
The correlations proposed by both Chato and Jaster & Kosky neglect heat transfer 
in the liquid pool. This assumption is valid for low speed stratified flows, but may be 
violated at higher mass fluxes and higher qualities. Other correlations account for these 
possibilities. 
Rosson and Meyers (1965) collected heat transfer data in the stratified, wavy, and 
slug-plug flow regimes. They collected data along the circumference ofthe tube to 
determine where different mechanisms (film condensation, vapor shear, etc.) were affecting 
heat transfer. Rosson and Meyers developed a correlation that determines the Nusselt 
number in both the top and bottom of the tube. 
(2.98) 
(2.99) 
1 12 
'" - 1+-+-'1-'1,11 - 2 
XII XII 
(2.100) 
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A function was then derived to determine the fraction of the tube over which each 
condensation mechanism occurred. 
Nu = 8Nu top + (1- 8)Nu bot (2.101) 
8 = ReO') 
v if 
R 0.6 R O.S 
eve, < 6.4xlO-S 
Ga 
(2.102a) 
R 0.6 R OS 
e v e l ' > 6.4xl0-s 
Ga 
if (2. 1 02b) 
2.5.2 Annular Smooth Tube Heat Transfer 
Numerous correlations exist to predict the Nusselt number for condensation in the 
annular flow regime. Many of these correlations are modifications of the Dittus - Boelter 
(1930) correlation for single-phase flow. 
Nu = 0.023· Reo.s Prn (2.103) 
Akers et al. (1959) developed one of the first two-phase flow correlations. In Akers' 
analysis, the vapor core was replaced by an equivalent single-phase liquid flow that 
resulted in the same pressure drop. The equivalent mass flux Geq and Reynolds Number 
Reeq are calculated by equations 2.88 and 2.89. These equivalent parameters are then used 
in the Dittus-Boelter single-phase heat transfer equation. 
Nu = 0 0265 Reo.s pr.0.333 
• lo,eq I (2.104) 
Shah (1979) developed a correlation that uses a two-phase multiplier based on the 
reduced pressure and quality to modify the D-B relationship. 
[ 3 8 ( ) 0.76J 0.8 0.4 • X Nu = 0.023 Re, Pr, 1 + ---0.38 --=-
P"ed 1 x 
(2.105) 
Bivens and Yokozeki (1994) modified Shah's correlation with a slight mass flux 
adjustment using data for refrigerants. 
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(2.106) 
F = 0.78438+6187.89/G 2 (2.107) 
The mass flux (G) must be in kg/m2s. 
Cavallini and Zecchin (1974) also altered the D-B correlation using an equivalent 
Reynolds number. 
Nu = 0 05 Reo.8 Pr°.33 
• eq,CZ I (2.108) 
(2.109) 
Carpenter and Colburn (1951) devised the framework for a shear-based correlation 
based on the principle that the resistance to annular flow heat transfer is in the liquid layer. 
These correlations are of the form 
(2.110) 
(2.111) 
The shear stress must be known to determine the heat transfer coefficient. Soliman et al 
(1968) developed a correlation based on the form developed by Carpenter and Colburn. 
a2 = 2(1- x) 
a 3 = 2( K - 1)( x-I) 
1 
a4 = --3+2x 
x 
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(2.112) 
(2.113) 
(2.114) 
(2.115) 
(2.116) 
(2.117) 
K = 1.25 (2.118) 
" 
Bo = -q- (Boiling Number) 
GhJv 
(2.119) 
where ~v is given by equation 2.49. 
Others have used simplified forms of the N-S equations to perform a boundary layer 
analysis of the annular liquid film. First one must assume the void fraction and calculate 
the symmetrical liquid film height. 
(2.120) 
Next, the average liquid velocity (u J ) must be calculated 
(2.121) 
Assuming the 'law of the wall' turbulent boundary layer equations, the average velocity 
from equation 2.121 must match the average velocity from the 'law of the wall' analysis. 
This analysis will give the shear stress and then the law of the wall energy equations can be 
used to find the heat transfer. These models lead to a Nusselt number of the form: 
(2.122) 
The correlation provided by Traviss et al.(1973) is the most widely known of the boundary 
layer correlations. 
(2.123) 
(2.124) 
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ReI < 50 (2.125) 
F2 = 5· Plj + 5 .In[1 + Plj (0.0963 . Re~·585 -1)] 50 < ReI < 1125 (2.126) 
F2 = 5· Pr,+ 5 ·In(1 + 5· Plj) + 2.5 ·In(0.00313· Re~·812) ReI> 1125 (2.127) 
Traviss performed condensation experiments with R12 and R22 in a 9.52 mm tube. 
Traviss concluded that the above correlation showed good agreement with his experimental 
data. In an alternative approach, Hurlburt and Newell (2000) applied a film shear stress 
model with the 'law of the wall' velocity profile and obtained relations for the void 
fraction, pressure drop, and heat transfer coefficient. 
Dobson (1994) developed a correlation based on refrigerant data for heat transfer in 
both the stratified and annular flow regimes. In the stratified regime, Dobson suggests a 
revamping of the Rosson-Meyer's correlation: 
(2.128) 
B sin(2B) 
a=------'----...:.... 
1r 21r 
(2.129) 
where ~I is calculated using the Souza pressure drop equations and a from the Zivi void 
fraction correlation (equation (2.14)). In the annular regime, Dobson suggests the 
following correlation based on a two-phase multiplier approach. 
0.8 0.4 [ 2.22 J Nu = 0.023 Re, PrJ 1 + 0.889 
XII 
(2.130) 
Dobson suggests using equation 2.130 for mass fluxes greater than 500 kg/m2s. If the mass 
flux was less than 500 kg/m2s the choice of correlations depended on the Soliman Froude 
Number. If Frso>20 the annular flow equation is used (2.130), otherwise the stratified 
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equations 2.128 and 2.129 are preferred. Dobson found his mean deviation to be less than 
6.1 % in all of his refrigerant heat transfer data. 
2.5.3 Microfin Heat Transfer 
Many of the microfin heat transfer correlations found in the literature are updates of 
smooth tube correlations. One of the first micro fin tube correlations is that ofVrable et al. 
(1974) based on R12 data. Vrable's correlation is a modification of the Cavallini and 
Zecchin smooth tube correlation, by updating the diameter term by a factor of 2. After 
recalculating the influence of the hydraulic diameter 
NUVrabIe = 2°·8 Nucz smoolh = 1.74Nuczsmoolh , , (2.132) 
The Cavallini-Zecchin Nusselt number is calculated using the base or nominal diameter. It 
is noted that the factor of 1.74 is approximately the surface area enhancement of many 
microfin tubes. 
Royal and Bergels (1978) developed a correlation based on steam/water data in 
helically grooved and axially grooved tubes. The correlation is an update of the Akers 
correlation 
NUnb = 0.0265 Re .... .Db 0.' Pr033 [I + 16{ ~ J"] (2.133) 
Where b is the height of the fin, Dn is the nominal or base diameter, and W is the space 
(width) between fins. The Reynolds and Nusselt Numbers are based on the hydraulic 
diameter (Dh=4A1P). The perimeter (P) includes the length added by the fins. 
Luu and Bergles (1979) developed a correlation based on R113 condensation data 
using internally finned tubes. They again used the b2/wD grouping in this correlation 
[( JO.5 ( JO.5]( 2 J-O.22 08 043 1 P P b NU Dh = 0.024 ReI,Dh . PrI· '2" -. + - WD. 
Pm In Pm oul I 
(2.134) 
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~ = I+X(£.L- IJ 
Pm Pv 
(2.135) 
Said and Azer (1983) used a series of modifying factors based on tube geometry 
and developed a correlation that modifies the Akers correlations. 
Nu = 0 024 Re 0.8 PrO.33 11 + 0 93Fo.23Fo.58F4.17 Re 0.054 J 
Dh' eq,Dh L l . I 2 3 l.Di 
F), F2, and F3 are functions of the tube geometery. 
F - A fa )--
A fc 
F - 1tDn 2---
P 
F3 = sec (~) 
(2.136) 
(2.137) 
(2.138) 
(2.139) 
F) is the ratio of actual flow area to the core flow area, F 2 is the ratio of the base surface 
area to heat transfer area with fins, and F 3 is a function of the helix angle the fins take. See 
Figure 2-4 for the geometrical definitions of the parameters used in equations 2.137 -
2.139. 
Kaushik and Azer (1988) altered the Said and Azer correlation 
Nu = 2 078Re0.507 ~XDi (p )-0.14 FO.874F-o.814 ( ) 0.198 
Dh' eq,Dh L red 1 2 (2.140) 
Nu =0 391 Re°.507 ~XDi (p )-O.l4 F4.742 ( )
0.198 
Dh' eq,Dh L red 1 (2.141) 
Another correlation used to predict microfin tube heat transfer was proposed by 
Cavallini et al. (1995) which extended the original Cavallini and Zecchin correlation. The 
correlation added two parameters, Rx to account for the increased heat transfer surface area 
and the Bond number to account for fin surface tension effects. 
Nu =0 05 ReO.8 Pr I/3 Rx 2 (Bo.Fr )-0.26 Dn • eq,Dn L v (2.142) 
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2hn g[1-sin(/{)J/ 
/1tDCO{;{)+l 
Rx=------'----.....:-----:.-
Bo = gPLh1tDn 
8ang 
G2 
Frv =~2--
PvgDn 
cos(f3) 
2.5.4 Micro-channel Heat Transfer 
(2.143) 
(2.144) 
(2.145) 
Huen (1995) observed that smooth tube annular flow correlations are able to 
reasonably predict condensation heat transfer coefficients in micro channel tubes. He 
suggests a modified version of Dobson's annular flow correlation to predict microchannel 
heat transfer coefficients for refrigerants. 
0.8 0.4 [ 1.130 J NUelf = 0.023 Rel,elf Prl 1 + Xtt 1.064 (2.143) 
Yang and Webb (1996) compared both the Shah and Akers correlation to their 
micro-channel heat transfer data. They conclude that the Akers correlation is acceptable to 
within 20% accuracy. 
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Figure 2-4 Schematic of Microfin Tube Geometry 
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3. Experimental Facility and Technique 
The purpose of the experimen~al facility is to provide properly conditioned two-
phase refrigerant flow to the flattened tube test section. Detailed descriptions of this 
facility appear in Dobson (1994), Graham (1997), and Kopke (1998). 
3.1 Refrigerant Loop 
Figure 3-1 is a schematic of the experimental apparatus used in this study. A 
magnetically coupled pump is used to circulate liquid refrigerant. A pump, unlike a 
compressor, requires no lubricant, leaving the refrigerant uncontaminated. The mass 
flow rate of the refrigerant is measured using a Corio lis-type mass flow meter. The 
refrigerant passes through the pre-heater that consists of a series of electric heater strips. 
The pre-heater is used to condition the flow from sub-cooled liquid to the desired two-
phase quality. Two-phase refrigerant then enters the test section. After the test section, 
the refrigerant is cooled using a water-cooled condenser. The refrigerant then enters a 
receiver to separate the liquid from any remaining vapor. The mass flow rate is set by the 
pump speed, and the refrigerant heaters set the test section inlet quality. Regulating the 
amount of water condensing after the test-section and the receiver temperature adjusts the 
test section inlet temperature. 
3.2 Test Section 
A side view of the test section appears in Figure 3-2. The test section is 1.22 m 
(48") long with thermocouples mounted every 0.304 m (12"). Pressure taps are soldered 
at the inlet and outlet and are attached to a differential pressure transducer and an 
absolute pressure transducer. A void fraction tap is also soldered onto the test section to 
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allow for the extraction of refrigerant from the test section. At the test section inlet and 
outlet are two ball valves that can be simultaneously closed for void fraction sampling. 
Figure 3-3 is a side view of the test section showing thermocouple locations and 
the water coolant loop. Four thermocouples are placed every 0.3 m (9.6") to measure the 
wall temperature. The water coolant loop is a flattened copper tube that is welded to the 
copper bars. Water is passed through both tubes on top and on bottom of the copper bars 
in a counter flow configuration. The water is able to remove up to 400W from the 
refrigerant. 
To flatten the tube, the 9.525 mm (3/8") o.d. round tube is placed in between two 
6.35 mm (1/4") thick copper bars. A spacer, with height of 6.35 mm, 4.76 mm, 3.18 mm, 
or 1.59 mm (1/4",3/16", 1/8", or 1116") is then placed in between the two copper bars. 
The two copper bars are then tightened to together using bolts. The outside tube height is 
determined by the spacer. Figure 3-4 depicts the geometry of the tubes when flattened. 
Figure 3-5 is an end view of the microfin tubes. The fins are approximately 0.2 mm high. 
Tubes with helix angles of 0° and 18° are used in this study. 
To calculate the dimensions of the flattened tube, it is assumed that the inside 
perimeter (P) stays constant at 0.028 m. For the microfin tube, this perimeter is the 
perimeter based on the nominal (or base) diameter. The shape of the tube is assumed to 
be rectangular in the middle a semi-circle on each side. 
P = 7th+2w 
The 7th term represents the semi-circular halves, and the w term is the width of the 
flattened part of the tube. The cross-sectional area (Acr) can then be computed by 
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(3.1) 
(3.2) 
See Figure 3-4 which displays the inside height (h) and flat tube width (w). 
3.3 Test Conditions 
Experiments were performed using both R134a and R410A at an inlet 
temperature of 35°C (See Table 3-1). The mass flux was varied from 35 kg/m2-s to 
400 kg/m2 -s with a few tests exceeding 400 kg/m2 -so The inlet quality was varied from 
10 percent up to 80 percent. One smooth internal tube and two microfin tubes, one with 
no helix angle and one with an 18° helix angle, were tested. 
The tubes tested had a nominal outside diameter of9.53 mm (3/8") with a wall 
thickness of 0.3 mm (.012"). The fin height on the microfin tubes was 0.2 mm (.008"). 
The tubes were successively flattened from an initial internal diameter of8.91 mm 
(0.351") to heights of5.74 mm, 4.15 mm, 2.57 mm, and 0.974 mm (0.226",0.163", 
0.101",0.0383"). In the microfin tubes, this is the distance from the base of the fin to the 
base of fin on the other side of the tube. 
The refrigerants tested in this experiment represent a mid-pressure refrigerant 
(R134a) and a high-pressure refrigerant (R41OA). It is believed that refrigerants with 
vapor pressures between these limits (e.g., R22, R404A, R407C) will behave in a manner 
somewhere between R134a and R41OA. See Table 3-1 for the properties ofR134a and 
R410A. 
3.4 Void Fraction Measurement Technique 
The void fraction measurement technique is one that has been commonly used by 
others (Sacks (1975). First, the test section inlet condition must be set to the desired 
temperature, quality, and mass flow rate. The valves on both sides of the test section are 
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Table 3-1 Refrigerant Properties at 3S0C Saturation Temperature (determined from EES) 
Refrigerant R134a R410A 
Pressure 888 2127 
(kPa) 
Liquid Density 1168 1008 
(kg/mA 3) 
Vapor density 43.42 88.3 
(kg/mA 3) 
Liquid Viscosity 1. 74E-4 1.0SE-4 
(kg/m-s) 
Vapor viscosity 1.23E-S 1.47E-S 
(kg/m-s) 
Liquid Specific Heat 1471 1820 
(J/kg-K) 
Vapor Specific Heat 1103 1628 
(J/kg-K) 
Liquid Thermal Conductivity 0.0768 0.0912 
(W/m-K) 
Vapor Thermal Conductivity 0.0148 0.0183 
(W/m-K) 
Enthalpy of Vaporization 168.2 169.5 
(kJ/kg) 
Surface Tension 0.0068 0.0036 
(N/m) 
closed simultaneously and a by-pass line is opened. A valve on the void fraction tap 
connecting the test section to a receiver tank is opened allowing the refrigerant to flow 
out of the test section and into the tank. The tank is cooled in an ice bath to speed up the 
process. Once it is believed that most of the mass has migrated to the receiver tank, the 
temperature and pressure of the test section are recorded and the void fraction tap valve is 
closed. 
The amount of mass trapped in the test section and evacuated into the receiving 
tank can then be weighed. The mass of the vapor left in the test section can also be 
calculated by simply using the ideal gas relation. The specific volume of the refrigerant 
trapped in the test section is determined by using the test section volume and the sum of 
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the two refrigerant masses. Next, using the inlet temperature the static quality (xst) can be 
determined. Using this static quality the void fraction can be determined by using the 
homogenous relation. 
m lolal = m Ian k + m vapor 
v = m lotal 
sp V 
Is 
1 
a=-----
1 1- X SI Pv +---
X SI PI 
(3.3) 
(3.4) 
(3.5) 
(3.6) 
All thermodynamic properties are evaluated at the inlet temperature of the test section 
The most common source of error in the experiment is refrigerant leaks. 
Refrigerant can leak from loose fittings and improperly soldered joints, resulting in lower 
than actual amounts of mass in the receiving tank. Also, leaks across the shutoff valves 
can add refrigerant mass to the receiving tank. Performed properly, this method gives 
consistent mass readings to within 0.5 gram (usually less than 5% of test section mass). 
3.5 Heat Transfer Coefficient Measurement Technique 
Heat transfer coefficients are measured using wall thermocouples. Referring to 
Figure 3-3, the thermocouples stationed on the test section are used to measure the wall 
temperature. The refrigerant temperature is measured at the inlet and outlet of the test 
section and the refrigerant temperature at each thermocouple station can be interpolated. 
The amount of heat transferred from the refrigerant is measured on the waterside of the 
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test section. The water flow rate along with the inlet and outlet water temperatures to 
detennine the heat transfer rate. 
(3.7) 
The heat transfer coefficient (h) is then calculated using equation 3.8 
(3.8) 
3.6 Instrumentation and Data Acquisition 
Measurement devices on the experimental apparatus include thennocouples, 
differential and absolute pressure transducers, mass flow meters, and watt-hour 
transducers. Type T thennocouples were used to measure temperature. The uncertainty 
of these thennocouples was measured to be ±0.25°C. The uncertainty of the absolute 
pressure transducers was calculated to be ±35 kPa (5 psi). The differential pressure 
transducer measured differential pressure from 0-35 kPa (0-5 psi), with an accuracy of 
±0.4 kPa was measured using a water manometer. Two watt-hour transducers were used 
to measure the pre-heater inlet power. The accuracy of these transducers were 
individually calculated by single-phase energy balances to be within 3% of the reading. 
The mass flow meter was found to be accurate to within 3% by use of bucket-stopwatch 
calibration. Using the error analysis discussed by Tran (2000) it was found that quality 
can be calculated to within 10% and the mass flux to within +/- 5 kg/m2s. The void 
fraction can be measured accurately to within 8%, pressure drop to within 0.4 kPa, and 
heat transfer coefficient to within 20%. 
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Figure 3-1 Schematic of experimental apparatus. 
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4. Void Fraction Results 
This chapter discusses the void fraction results for all three tubes (smooth, 
0° helix microfin, 18° helix microfin), and each flattening height. Comparisons are made 
between tube type, and flattening height over the range of flow conditions previously 
mentioned. 
4.1 Smooth Tubes Void Fraction Results 
The tube discussed here is an internally smooth tube with inner diameter of8.91 
mm. Figure 4-1 displays the variation in void fraction with the Xtt+ 11Ft grouping 
(explained in Chapter 2) for the four flattening heights. When calculating the Froude 
Rate (Ft) the channel height, h, is used as the length term (D). 
Figures 4-2 through 4-5 are plots for the data for the 5.74 mm, 4.15 mm, 2.57 mm 
and 0.974 mm flattening heights respectively, with the data divided into different mass 
flux groups. The trend of the Xtt+ 11Ft grouping is that as quality decreases Xtt+ 11Ft 
increases. Two lines added to the plots show the void fraction for the ideal limits of 
homogenous and separated flow. In all four of these plots, it appears that a smooth curve 
can be drawn through all of the data, except for two points at the tail end of the curve 
near Xtt+ 11Ft >2. At this location the void fraction approaches the homogenous limit at 
the lower mass flux. The low qualityllow mass flux condition data may indicate a trend 
toward an intermittent (slug-plug) flow condition. 
There are two distinguishing features from these plots: 
1. At Xtt+ 11Ft> 2 the void fraction data has a different dependence on mass flux than 
for lower values ofXtt+ 11Ft. 
2. As spacing height moves towards the 0.974 mm level, the data indicates lower void 
fractions. 
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Figure 4-5 is a plot of the void fraction data for the 0.974 mm spacing. At higher 
values of (Xtt+ 11Ft) the data is approaching the separated flow limit. These values of 
(Xtt+ 11Ft) indicate a high quality and thus small amounts of liquid in the flow. A 
possible explanation is that the liquid is segregating to the sides of the tube, thus allowing 
itself and the vapor to flow independently of one another. As quality decreases, the 
(Xtt+ 11Ft) grouping increases, and the void fraction data for the 0.974 mm spacing 
approaches the void fractions of the other flattenings. 
4.2 Axial Grooved Tubes Void Fraction Results 
Figures 4-6 through 4-10 depict void fraction data for axially grooved tubes. The 
results shown in these pictures are similar to those of the smooth tubes. For flattening 
heights greater than 2.57 mm, the void fraction has no dependence on height outside of 
the (Xtt+ 11Ft) grouping. At low quality (Xtt+ 11Ft) > 2 the trend of higher void fractions at 
lower mass flow rates is also present for the axially grooved tube. 
4.3 Helically Grooved Tubes Void Fraction Results 
The helically grooved tubes show slightly different void fraction trends than the 
smooth and axially grooved tubes. Figure 4-11 shows that the shift toward lower void 
fractions when going to flatter channels is not as severe in the helically grooved tube. 
Second, the trend at lower void fractions toward the homogenous limit is not nearly as 
noticeable. It is suggested that the helical fins are more adept at keeping flow in an 
annular regime with the liquid refrigerant spread over the tube surfaces. 
4.4 Void Fraction Corrections 
When observing the figures mentioned in the preceding sections, a trend is 
observed that as the spacing height decreases, the void fraction will also decrease as the 
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(Xtt+ 11Ft) term remains constant (compare the 0.974 mm to the 5.74 mm data in Figure 
4-1). This trend is important when analyzing possible sources of error in the void 
fraction data reduction. One source of error is due to the ends of the flattened tube 
remaining round to allow for connection to ball valves (see Figure 3-2). As the tube gets 
flatter and flatter these round ends take up more and more volume compared to the 
flattened section. It is possible that these end effects could be causing errant void fraction 
measurement. Table 4-1 displays the volumes of the transition section compared to the 
flattened test section volume in the smooth tube. 
Table 4-1 Volume of Test Section and Transition Sections 
Tube Height Transition Section Flattened Test Section Total T ransitioniT otal 
mm m3 m3 m3 
8.91 9.55 10-6 7.44 10-' 8.40 10-' 11% 
5.74 9.55 10-6 6.5010-5 7.46 10-' 12% 
4.15 9.55 10-6 5.32 10-' 6.59 10-5 15 % 
2.57 9.55 10-6 3.67 10-' 5.19 10-' 20% 
0.974 9.55 10-6 1.54 10-' 3.48 10-' 38% 
Tests were performed using inserts to determine the effect of the transition region 
from round to flattened tube. The purpose of the inserts was to reduced the volume of the 
transition section, therefore obtaining a more accurate void fraction measurement of the 
flattened section. Two different shaped inserts were used, one insert was cylindrical with 
a rectangular groove cut into it, and the other was cylindrical with one side filed flat. 
Both inserts took up a volume of 3 .62 10-6 m3, which is approximately 113 of the 
transition section volume. Experimental data showed no dependence on the shape of the 
insert. 
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Figure 4-16 depicts the change in void fraction from a tube without inserts in the 
transition region to a tube with inserts in the transition region. From experiment it was 
determined that only the 0.974 mm high tube would need a correction. An expression 
that corrects the void fraction results is given by equations 4.1 a and 4.1 b. 
~a = 0.13 . Ft-O.44 
~a = 0.67· (Xtt + 11 Ftrl.6 
a actual = a exp erimental - ~a 
x> 0.1 
x :$; 0.1 
(4.1a) 
(4.1 b) 
(4.2) 
The data taken in the 0.974 mm high flattened tubes must be corrected by subtracting the 
void fraction change of equation (4.1). 
4.5 Void Fraction Predictive Equations 
All of the void fraction data was curve fit to the form 
a = (1 + ~t + b· Xtt r (4.3) 
The values of a, b, and n are given in Table 4-2 with respect to the tube profile and the 
tube height. The data for the round, 5.74 mm, 4.15 mm, and 2.57 mm high flattened 
tubes could be predicted by using the same constants. The 0.974 mm data must be 
predicted by a using a different set of constants. The correlation constants also change if 
(Xtt+ 11Ft) is greater than or less than 2. The effect of using these constants in equation 4.3 
is depicted in Figures 4-17, 4-18 and 4-19. 
Figures 4-20 through 4-24 are constructed using the constants in Table 4-2. These 
figures depict the need for changing the constants in the void fraction correlation at 
Xtt+ 11Ft = 2. The vertical line on each plot distinguishes the quality were this change 
occurs. 
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Table 4-2 Void Fraction Correlation Constants 
Tube (Xtt+ 11Ft) a b n 
Smooth <2 1.84 3.11 -0.21 
<2 (0.974 mm) 19.2 3.30 -0.22 
>2 0.5 1.2 -0.35 
>2 (0.974 mm) -0.20 2.00 -0.48 
18 Helix <2 5.80 8.60 -0.16 
<2 (0.974 mm) 10.6 3.10 -0.28 
>2 1.50 2.70 -0.31 
>2 (0.974 mm) -1.80 3.60 -0.44 
o Helix <2 1.38 3.30 -0.26 
<2 (0.974 mm) 3.70 2.80 -0.38 
>2 2.26 2.50 -0.26 
>2 (0.974 mm) -2.8 6.40 -0.32 
Figure 4-20 displays the void fraction for a 2.57 mm high tube using R134a at a 
mass flux of 50 kg/m2s. The void fraction difference is most severe at low qualities were 
the void fraction may be miscalculated by an absolute value of 0.1 O. At qualities higher 
than 10%, both correlations are within an absolute value of 0.03. Figure 4-21 is for a 
mass flux of 400 kg/m2s in a 2.57 mm high tube. The correlations differ by up to an 
absolute value of 0.06 for qualities above 10% and by absolute value of 0.09 for qualities 
below 10%. Therefore if only one of the set of constants is to be used, the set of 
constants that is correct at low qualities (Xtt + 11Ft) >2 can be used. It is most important 
that the void fraction correlation be correct at low qualities, because the mass in a heat 
exchanger is in the low quality area. 
Figure 4-22 and 4-23 display the effect of the constants for a flattening height of 
0.974 mm. Figure 4-22 is for a mass flux of 50 kg/m2s, and Figure 4-23 is for a mass 
flux of 300 kg/m2s. It is evident from Figure 4-22 that the change in constants is very 
important for low mass fluxes. At higher mass flux however, as depicted in Figure 4-23, 
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just using the (Xtt + 11Ft) >2 constants will give void fraction results to within an absolute 
value of 0.08. 
Figure 4-24 displays the effect of using the higher flattening height constants on 
the 0.974 mm flattening. The higher flattening height constants consistently over predict 
the void fraction by an absolute value of 0.15. Therefore, it is important for the 0.974 mm 
flattening that the constants be changed from the larger tube to the smaller tube. 
60 
1 
0.8 
s:: 
o 0.6 
..... g 
I-< 
~ 
"Cl 
·0 0.4 
;> 
0.2 
o 
0.01 
• <> • A: 
o to. .AB r 
...... ..:A~646·o. , 
, ~A ·AB: 
u o· r--------~~: ~ 
• R134a-5.74mm .. I,,;.&! .• 
'-t, em 
o R4IOA-5.74mm to. • 
• 
o 
• 
0 
A 
to. 
RI34a-4.I 5mm 
R410A-4.15mm 
RI34a-2.57mm 
R410A-2.57mm 
R134a-0.974mm 
~0C2): 
......... [::,-6,& .. 
R4IOA-0.974mm 
Round-8.9Imm 
0.1 I 10 
Xtt+ 11Ft 
100 
Figure 4-1 Void Fraction for Smooth Tubes. The Round Tube Line is Predicted by 
Equation (2.34). 
s:: 
o 
1 
"Cl 
..... 
o 
;> 
I 
0.8 
0.6 
0.4 
0.2 
o 
0.1 
• ~. 
DO 
.. _-_ ... - .... ---_ .. -. 
.... 
.......... 
: o· o 
..... "'.; .. 
a 
a 
. 
a 
a 
a. 
•• 
• .......... ' ........... . 
a , 
a. 
'. , a , a 
I 
o 
.. 
... 
•• 
•• 
o 
:0 
. ....... 0 .. .. 
.... 
.... 
10 
Xtt+I/Ft 
• G=65 R134a 
• G=125 R134a 
• G=235 R134a 
0 G=65 R410A 
0 G=125 R410A 
0 G=235 R410A 
---Hom G=75 RI34a 
••••••••• Sep G=400 R134a 
100 
Figure 4-2 Void Fraction for Smooth Tubes Flattened to 5.74 mm. 
Mass Flux (G) in kg/m2s. 
61 
~ 
o 
...... 
~ j:.I.., 
~ 
...... 
o 
:> 
1 
0.8 
0.6 
0.4 
0.2 
0.1 
.0 
••• 
•• 
•• 
o~ 
.... .0 •...... 
• :~ 
... _-- ·t·- ···········c 
• 
•• 
•• 
•• 
. " 
• . 
o 0 
• ••• 
o 0 
. . . . . . . - ....... - .. ~ .... - .. - .. -' ... - ......... - ... . 
-.: 
.... 
: .... 
•• 
--a 
1 
Xtt+ 1 1Ft 
10 
• G=65 R134a 
• G=125 R134a 
• G=235 R134a 
0 G=65 R410A 
0 G=125 R410A 
0 G=235 R410A 
---Hom G=75 R134a 
••••••••• Sep G=400 R134a 
100 
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5. Pressure Drop Results 
This Chapter will discuss the pressure drop data obtained. The experimental data 
will be compared to correlations discussed in Chapter 2. The hydraulic diameter Dh , 
replaces the diameter term (D) in the round tube correlations. 
D - 4·Acr h -
P 
where Acr is the cross-sectional area (m2) and P is the perimeter (m). 
(5.1) 
The microfins are ignored when computing the hydraulic diameter of a micro fin 
tube. The effect of the microfins is accounted for in the friction factor. The roughness 
term, e/d, is calculated using the Cavallini equation (2.70). Colebrook (1938-39) suggests 
equation (5.2) for the rough friction factor. 
1 (Yct 2.51 J 05 = -2.0·loglO -+ 05 f· 3.7 Re·f· (5.2) 
The average test section quality is used in the correlations predicting the pressure 
drop. The accelerational component of the pressure drop was substantially less than the 
frictional component, usually on the order of 1 %. 
The figures at the end of this chapter are plots comparing the experimentally 
determined pressure drop with the correlations discussed in the literature review. The 
correlations are divided into four sets to make the figures easier to read. 
Correlation Set 1: Bo-Pierre (Smooth Only), Chisholm, Dukler (Smooth Only), 
Ebisu, Kaushik and Azer (Microfin Only), 
Kedzierski (Microfin Only) 
Correlation Set 2: Friedel, Haraguchi, Jung and Rademacher, McAdams 
Correlation Set 3: Nozu, Soliman, Souza, Souza and Pimenta, Wambsganss 
Correlation Set 4: Webb 1, Webb 2, Yan and Lin, Zhang 
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The lines on the figures represent +20% and -20% of an exact prediction .. 
5.1 Pressure Drop in Smooth Flattened Tubes 
The pressure drop correlations presented in Chapter 2 are compared against 
experimental data. Plots of these comparisons appear in Figures 5-1 through 5-12 for the 
smooth tube flattened to 4.15 mm, 2.57 mm and 0.974 mm high. The pressure drop data 
for the higher flattenings is ignored. This is due to low pressure drop readings that were 
below the resolution of the pressure transducer. 
The agreement of the Bo Pierre, Chisholm, Dukler and Ebisu correlations appear 
in Figures 5-1 through 5-3. The Bo-Pierre correlation consistently predicts a 60% to 80% 
lower pressure drop than is seen experimentally. The Chisholm correlation shows wide 
amounts of scatter in its prediction of the pressure drop. The Dukler model under-
predicts the pressure drop by 40% to 80%. The Ebisu correlation under predicts the 
pressure drop by 40% to 60%. 
Figures 5-4 through 5-6 present the Friedel, Haraguchi, Jung and Radermacher, 
and the McAdams predictions of the smooth tube pressure drop data. The Friedel 
correlation predicts lower pressure drops than are seen experimentally (20%-50%), but 
the correlation does 'pull in the data', suggesting that it characterizes the physics of the 
flow. The Haraguchi and Jung and Radermacher predictions are unable to predict the 
data accurately with both correlations showing up to 50% scatter at the same 
experimental pressure drop. The McAdams correlation always predicts 50% to 70% 
lower pressure drop than is seen experimentally, but does an excellent job of correlating 
the data. 
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Figures 5-7 through 5-9 are plots of the agreement of the Nozu, Souza, Souza and 
Pimenta, Soliman, and Wambsganss correlations. All of these correlations show large 
deviations in attempting to predict the pressure drop data (up to +/- 70%) except the 
Souza and Pimenta correlation. Though always predicting lower pressure drops than 
experimentally recorded, the Souza and Pimenta equation constantly under predicts the 
pressure drop by approximately 55%. 
The experimental pressure drop data is plotted against the Webb 1, Webb 2, Yan 
and Lin, and the Zhang correlations in Figures 5-10 through 5-12. The Zhang correlation 
regularly gives a pressure drop prediction 50% lower than experimentally determined. 
The Webb 1, Webb 2 and Yan&Lin correlations show deviations of +/- 50% in trying to 
predict the pressure drop data at the various flattening heights. 
5.2 Pressure Drop in 180 Helix Microfin Flattened Tubes 
Figures 5-13 through 5-24 depict the accuracy of the pressure drop correlations in 
the 180 helix tube when flattened to heights of 4.15 mm, 2.57 mm and 0.974 mm. Again 
the data for the round tube and 5.74 mm high flattened tube are ignored due to low 
pressure drop readings. 
Figures 5-13 through 5-15 depict the agreement of the Chisholm, Ebisu, Kaushik 
and Azer, and Kedzierski pressure drop relations for the 180 helix micro fin tube. The 
Ebisu correlation consistently under predicts the pressure drop by 50% to 70%. The 
Kedzierksi correlation under predicts the pressure drop by 30% to 50%. The Kaushik 
and Azer correlation give reasonable pressure drops for the 4.15 mm and 2.57 mm tube, 
but drastically over predict the pressure drop for the 0.974 mm high tube. The Chisholm 
correlation consistently predicts to pressure drop to within +/- 30%. 
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The agreement of the Friedel, Haraguchi, lung & Rademacher, and McAdams 
correlations appear in Figures 5-16 through 5-18. The Haraguchi severely over predicts 
the pressure drop. The McAdams correlation predicts a consistent value of 113 of the 
experimentally determined pressure drop. Friedel's correlation consistently under 
predicts the pressure drop by 20% to 30%. The lung and Radermacher correlation gives 
reasonable pressure drop predicts within +/- 30% of what is recorded experimentally. 
However, a wide amount of scatter is seen in that +/- 30% and further investigation 
shows that the lung and Radermacher correlation is refrigerant biased. 
Figures 5-19 through 5-21 show the pressure drop predicts of the Nozu, Soliman, 
Souza, Souza and Pimenta, and Wambsganss correlations. The Wambsganss and 
Soliman correlations predict pressure drops between 0% to 40% higher than 
experimentally determined. The Nozu correlation is capable of predicting the pressure 
drop to within 20% at flattening heights of 4.15 mm, and 2.57 mm. At a flattening height 
of 0.974 mm, however, the Nozu correlation under predicts the pressure drop by 30%. 
The Souza correlation under predicts the pressure drop by 0% to 30%. The Souza and 
Pimenta correlation does an acceptable job of correlating the data, but it consistently 
under predicts the pressure drop by 60%. 
Figures 5-22,5-23 and 5-24 present the agreement of the Webb 1 , Webb2, Van & 
Lin, and Zhang correlations. The Yan & Lin correlation gives pressure drop predictions 
between 70 % too low and 20% too high. The Zhang correlation is consistently 60% to 
70% low. Both of the Webb correlations predict pressure drops between -20% and -70% 
of the experimentally determined value. 
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One of the feature, of the 18° helix micro fin correlations, is the dependence on 
diameter. Taking the Souza correlation for example purposes, at flattening heights of 
4.15 mm and 2.57 mm, the Souza correlation predicts the experimental data to within +/-
20%. At the 0.974 mm flattening, the Souza correlation now under predicts the pressure 
drop by up to 40%. In other words, the predictive relation has shifted approximately 
20%. This effect is seen in several of the other correlations namely Zhang (shift from 
30% too low, to 60% too low), Souza and Pimenta (30% too low, to 60% to low), and 
several others. 
5.3 Pressure Drop in 0° Helix Microfin Flattened Tubes 
Figures 5-25 through 5-36 display the accuracy of the pressure drop correlations 
when applied to the pressure drop data from the 0° helix microfin flattened tubes. These 
figures are very similar to the figures shown for the smooth tube and 18° helix tube, 
however even more scatter is seen in the 0° helix figures. 
The Chisholm, Ebisu, Kaushik and Azer, and Kedzierski correlations for the 0° 
helix micro fin flattened tube appear in Figures 5-25 through 5-27. Both the Chisholm 
and Kaushik and Azer correlations display a wide amount of scatter when attempting to 
predict the flattened tube pressure drop. The Ebisu correlation is predicts a pressure drop 
approximately 50% less than the experimental results. The Kedzierski correlation also 
shows a lot of scatter with predictions between +20% and -50%. 
Figures 5-28 through 5-30 display the results from the Friedel, Haraguchi, lung 
and Radermacher, and McAdams correlations. The Haraguchi correlation drastically over 
predicts the pressure drop. The lung correlation shows wide scatter in the predicted 
pressure drop. After further investigation, it was concluded that the scatter is due to a 
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bias in the refrigerants. The Friedel correlation gives low predictions for the 4.57 mm 
and 2.57 mm high tube, but accurately predicts for the tube when flattened to 0.974 mm. 
A refrigerant bias can also be seen in the Friedel correlation. The McAdams correlation 
consistently under predicts the pressure drop by a factor of 0.3. No refrigerant or 
diameter bias is seen in the McAdams correlation. 
Figures 5-31 through 5-33 are plots of the Nozu, Soliman, Souza, Souza and 
Pimenta, and Wambsganss correlations for the 00 helix micro fin flattened tube. Except 
for the Souza and Pimenta correlation, the other four equations show large amount of 
scatter. It appears that two different trend lines can be drawn through each set of data. 
These lines relate to the two refrigerants. The Souza and Pimenta equation does not 
appear to have a strong refrigerant bias. A diameter bias may also be present in these 
figures. Most of the correlations go from under predicting the pressure drop for the 4.15 
mm tube, to over predicting the pressure drop in the 0.974 mm tube. 
Figures 5-34, 5-35, and 5-36 display the agreement of the Webb 1 , Webb2, Van & 
Lin, and Zhang correlations with the pressure drop data. For the 4.15 mm high tube, all 
of these correlations under predict the data. For the flatter tubes, the correlations do show 
diameter dependence as the predicted values move closer to experimental pressure drop. 
Strong refrigerant bias is seen in all of the correlations except for the Zhang correlation. 
5.4 Summary of Pressure Drop Results 
Figure 5-37 displays the importance of using a correction for the microfin tubes. 
The Souza correlation is used an example with R134a and a mass flux of 300 kg/m2s in 
2 mm tube. Three curves are drawn, one corresponding to the correlation using a smooth 
friction factor from equation (2.40), one using a rough friction factor with the roughness e 
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equation to the fin height h, and the other using equation (2.70). The difference between 
each curve is considerable, with differences up to 50%. 
Figure 5-38 investigates the importance on the diameter term. Using the Souza 
correlation for R134a at a mass flux of 300 kglm2s in a microfin tube, the predicted 
pressure drop is plotted for different diameter tubes. The effect of diameter on pressure 
drop is tremendous, and a slight miscalculation in diameter near 1 mm can cause a severe 
error in the pressure drop prediction. This may be the sole reason that the diameter 
dependence is seen in the figures described in the preceding sections. 
When suggesting a model to predict pressure drop the first requirement of an 
existing model is that it correlate the data with regard to refrigerant, mass flow rate, 
quality, and tube diameter. The only three models that consistently correlate the data 
well are the Zhang, Souza and Pimenta, and the McAdams. The other correlations have 
serious deficiencies when attempting to correlate the data. This is seen in the scatter in 
Figures 5-1 through 5-36. The Zhang correlation is chosen to be adjusted, for the 
following reasons. 
• It is easy to use. 
• It correlates well with regard to refrigerant. 
• The diameter dependence does not appears to be as strong as in the other 
models 
The constants in the Zhang correlation will be adjusted to produce a reasonable 
prediction of flattened tube pressure drop. 
(5.3a) 
",2 =(I-x)2 +Ax2P -\ +Bxo.s(l_x)o.2Sp -1.64 
~~ ~ ~ (5.3b) 
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Table 5-1 Pressure Drop Correlation Constants 
Tube A B 
Smooth 5.0 3.8 
18 Helix 8.0 3.5 
o Helix 4.0 2.8 
Figures 5-39, 5-40 and 5-41 display the accuracy of the corrected Zhang correlation for 
predicting pressure drop. Equation (5.1) can also be manipulated using Equation (2.47e) 
to show the two-phase multiplier as a function of the Lockhart Martinelli parameter. 
Figures 5-42, 5-43, and 5-44 show the effect of refrigerant on the adjusted Zhang 
correlation. In the smooth tube and 0° helix microfin tube, the accuracy of the correlation 
is not a strong function of refrigerant. In the 18° helix microfin tube, the refrigerant bias 
is slightly more noticeable at higher pressure drops. 
The effect of tube height on the adjusted Zhang correlation is shown in Figures 
5-45,5-46, and 5-47. Figures 5-45 for the smooth tube and 5-47 for the 0° helix microfin 
tube shows the accuracy of the correlation has no dependence on tube height. The 
dependence on tube height is apparent in the 18° helix microfin tube. For the higher 
flattened tubes the correlation predicts too low of a pressure drop. The pressure drop 
prediction ranges up to 20% too low of a prediction, in the 0.974 mm high flattened tube. 
The effect of microfins on the adjusted Zhang correlation appears in Figures 4-48, 
4-49, and 4-50. In the 4.15 mm high tube, the effect of the micro fins on the accuracy of 
the correlation is quite strong. However, these pressure drop readings are so low this may 
be simply a resolution error in the pressure transducer. Once the tube is flattened to 2.47 
mm high, the 18° helix microfin tube data is always over predicted by approximately 
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20%. The accuracy for the smooth and 0° helix microfin tube data is not influenced by 
the microfins. At the lowest flattening height of 0.974 mm, the accuracy of the adjusted 
Zhang correlation has little dependence on the presence of microfins. 
5.5 Friction Factor 
Another view of the pressure drop data can be obtained by determining the 
friction factor, f. The friction factor is defined as: 
(5.4) 
The density (p) is defined to be the homogenous density, which can be calculated by 
equation (2.08). The homogenous Reynolds number can be calculated using the 
homogenous viscosity from equation (2.09). 
Figure 5-50 shows the relationship between friction factor and homogenous 
Reynolds number for the smooth tube. This figure is similar to the Moody Chart with 
friction factor decaying with Reynolds number. The data is quite scattered at low-
pressure drop readings due to limitations in the pressure transducer. For tube heights 
greater than 2.5 mm, the friction factor is approaching an asymptotic value of 0.05. At 
the lowest flattening height, the friction factor is nearly constant at a value of 0.08. 
Figure 5-51 is a plot of the 18° helix microfin tube fiction factor. For tubes 
higher than 2.57 mm and Reynolds numbers less than 100,000, the friction factor is 
higher for the larger tubes at the same Reynolds number. For higher Reynolds numbers 
the friction factor is the same for all of the tubes. The friction factor is constant for the 
tube once it is flattened to 0.974 mm. This may be an indication of fully roughened flow. 
The 0° helix micro fin tube fiction factor is plotted against homogenous Reynolds 
number in Figure 5-52. The trends in this figure are very similar to those for the 18° 
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helix tube. The friction factor is lower in the smaller tube flattening heights at the same 
Reynolds number. The friction factor for all of the flattening heights reaches an 
asymptote at a value of 0.09, regardless of the size and shape of the tube. 
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Figure 5-3 Smooth Tube 0.974 mm High Correlation Set 1 
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Figure 5-4 Smooth Tube 4.15 mm High Correlation Set 2 
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Figure 5-5 Smooth Tube 2.57 mm High Correlation Set 2 
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Figure 5-6 Smooth Tube 0.974 mm High Correlation Set 2 
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Figure 5-7 Smooth Tube 4.15 mm High Correlation Set 3 
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Figure 5-8 Smooth Tube 2.57 mm High Correlation Set 3 
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Figure 5-9 Smooth Tube 0.974 mm High Correlation Set 3 
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Figure 5-10 Smooth Tube 4.15 mm High Correlation Set 4 
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Figure 5-11 Smooth Tube 2.57 mm High Correlation Set 4 
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Figure 5-12 Smooth Tube 0.974 mm High Correlation Set 4 
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Figure 5-13 18° Helix Microfin Tube 4.15 mm High Correlation Set 1 
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Figure 5-14 18° Helix Microfin Tube 2.57 mm High Correlation Set 1 
89 
8' 
ta 
~ 
"C 
~ 
.... 
"C 
e 
~ 
N 
"C 
-~ 
80 
o : .: 
70 • - - - • • - ", • - • • • ••• - " - - •• - • - • • ~ - • • • • • - • • ; • • • • • • • • - 1 • - - • • •• - ~ • • • • • • ••• ; • . • • • - - • · , , . . , . 
: :0 : 0 : : : : 
60 
50 
· . :0 : : : : 
-.- •••• _,A' ••••••.•• '. __ •.•• __ , ••••• ____ '," •••••••.••••••• __ ' •••.••••.•• , ••••• _. 
........ 1 ...... o~.· .. <> .... ~ ......... :. . ...... .0. ...... . y7 ...... . 
· 0 ~ . ~. . 
40 _ .......... -- .... ' -- ..... - .............. --.---. . 
. . 
::/). : 
30 
20 
10 
0 
0 10 20 30 40 50 60 70 80 
dP/dz Experimental (kPalm) 
Figure 5-15 18° Helix Microfin Tube 0.974 mm High Correlation Set 1 
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Figure 5-16 18° Helix Microfin Tube 4.15 mm High Correlation Set 2 
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Figure 5-17 18° Helix Microfin Tube 2.57 mm High Correlation Set 2 
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Figure 5-18 18° Helix Microfin Tube 0.974 mm High Correlation Set 2 
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Figure 5-19 18° Helix Microfin Tube 4.15 mm High Correlation Set 3 
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Figure 5-20 18° Helix Microfin Tube 2.57 mm High Correlation Set 3 
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Figure 5-21 18° Helix Microfin Tube 0.974 mm High Correlation Set 3 
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Figure 5-22 18° Helix Microfin Tube 4.15 mm High Correlation Set 4 
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Figure 5-23 18° Helix Microfin Tube 2.57 mm High Correlation Set 4 
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Figure 5-24 18° Helix Microfin Tube 0.974 mm High Correlation Set 4 
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Figure 5-25 0° Helix Microfin Tube 4.15 mm High Correlation Set 1 
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Figure 5-26 0° Helix Microfin Tube 2.57 mm High Correlation Set 1 
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Figure 5-27 0° Helix Microfin Tube 0.974 mm High Correlation Set 1 
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Figure 5-28 0° Helix Microfin Tube 4.15 mm High Correlation Set 2 
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Figure 5-29 0° Helix Microfin Tube 2.57 mm High Correlation Set 2 
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Figure 5-30 0° Helix Microfin Tube 0.974 mm High Correlation Set 2 
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Figure 5-31 0° Helix Microfin Tube 4.15 mm High Correlation Set 3 
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Figure 5-32 0° Helix Microfin Tube 2.57 mm High Correlation Set 3 
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Figure 5-33 0° Helix Microfin Tube 0.974 mm High Correlation Set 3 
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Figure 5-34 0° Helix Microfin Tube 4.15 mm High Correlation Set 4 
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Figure 5-35 0° Helix Microfin Tube 2.57 mm High Correlation Set 4 
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Figure 5-36 0° Helix Microfin Tube 0.974 mm High Correlation Set 4 
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Figure 5-37 Effect of Roughness Equation on Pressure Drop 
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Figure 5-38 Effect of Tube Diameter of Pressure Drop 
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Figure 5-39 Adjusted Zhang Correlation in Smooth Tube 
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Figure 5-40 Adjusted Zhang Correlation in 18° Helix Microfin Tube 
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Figure 5-41 Adjusted Zhang Correlation in 0° Helix Microfin Tube 
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Figure 5-42 Adjusted Zhang Correlation in Smooth Tube Showing the Effect of 
Refrigerant 
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Figure 5-43 Adjusted Zhang Correlation in 18° Helix Microfin Tube Showing the Effect 
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Figure 5-44 Adjusted Zhang Correlation in 0° Helix Microfin Tube Showing the Effect of 
Refrigerant 
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6. Heat Transfer Results 
This chapter discusses the heat transfer results in the smooth tube and both 
microfin tubes. Comparisons are made to existing correlations and between the flattening 
heights. The experimental data is presented in two different fashions. First, several 
figures display the actual heat transfer coefficients collected. The figures that follow 
show the enhancement factor (EF) for each tube. 
hA 
EF=--
hArsG 
(6.1) 
Where hrsG is the heat transfer coefficient for a smooth round tube at the same mass flux 
(G). For example, the enhancement factor for a round smooth tube is unity. The 
enhancement factor for a round 18° microfin tube is usually 1.6-1.7, reflecting the 
additional surface area of the micro fins. The purpose of the enhancement factor is to 
compare the effect of flattening the tube to the common reference of a round tube. 
The heat transfer coefficient, hrsG , is calculated using an adjustment of the 
Dobson correlation. The Dobson correlation is adjusted by a constant so that the 
enhancement factor for a smooth round tube is approximately unity. This constant was 
approximately 1.3 for our data. This is mainly due to measurement errors in the 
placement of the thermocouples. 
A reason must be given for comparing the heat transfer coefficient of a flattened 
tube to round tube at the same mass flux instead of mass flow rate. The same mass flux 
is used, because if the mass flux is held constant the velocity is held constant. Since the 
purpose of the enhancement factor is to identify relative changers to a common reference 
it makes sense to compare to a common velocity. 
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Fifteen of the figures at then end of this section display actual heat transfer 
coefficient data. These figures not only show the numerical heat transfer coefficient 
value, but also aid in identifying changes in flow regimes (i.e. from a stratified flow to 
annular flow). Fifteen other figures display the enhancement factor for the various tubes. 
These figures aid in deciphering the effect of flattening the tube. 
Some of the figures mentioned in the following sections depict high heat transfer 
coefficient and enhancements for low flow rates at low qualities. These results are 
thought to be due to experimental error. The error results from a possible miscalculation 
of the exit temperature in the data acquisition system. This miscalculation may lead to an 
incorrect approximation of the local refrigerant temperature, and an incorrect estimation 
of the local heat transfer coefficient. 
6.1 Smooth Tube Heat Transfer Results 
The experimentally determined heat transfer coefficients for the smooth tube are 
plotted in Figures 6-1 through 6-5. At a low mass flux (G~75 kg/m2s), the heat transfer 
coefficient is nearly constant with quality, a characteristic of stratified flow. At higher 
mass fluxes, the heat transfer coefficient appears to be linearly dependent on quality, with 
higher flow rates giving higher heat transfer coefficients. This characteristic coincides 
with annular flow. 
Dobson (1994) and Dobson and Chato (1994) also described the development of 
annular flow characteristics at higher mass fluxes and higher qualities. Dobson found 
that the Soliman (1982,1983) transition criteria were able to accurately describe the 
change from the annular to the stratified regime in refrigerant flows. At a mass flux of 
75 kg/m2s in a 8.9 mm round tube, annular flow is not seen until the quality is higher than 
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0.7 for R134a (0.8 for R41OA). The transition quality is 004 for R134a (0.5 for R41OA) 
for a mass flux of 175 kg/m2s. The transition quality is only 0.3 for R134a (004 for 
R410A) at a mass flux of250 kglm2s. As the tube is flattened, the hydraulic diameter 
decreases, and the transition quality also decreases. Experimental results in Figures 6-
1 through 6-5 follow these trends, at lower qualities and mass fluxes the heat transfer 
coefficient is nearly constant. As quality and mass flux increase, annular flow 
characteristics are seen. 
Figures 6-6 through 6-10 show the enhancement factors for the smooth tube. The 
enhancement factor is approximately 1 for all flow conditions and refrigerants in a round 
tube. Flattening the round tube to 5.74 mm high, causes the enhancement factor to 
increase to approximately 1.2 for all conditions. After flattening to 4.15 mm high, the 
enhancement factor for the lower flow rates (G<200 kglm2s) is lA, but for higher flow 
rates (and the more likely annular flows) the enhancement factor is slightly higher at 
approximately 1.7. If the tube is flattened to 2.57 mm high, the enhancement factor is 
approximately 1.7 for the lower mass fluxes (G<200 kglm2s), but at higher mass flow 
rates the enhancement factor is 2.3. At the flattest tube, however, a different trend 
appears, as the enhancement factor is dependent more on the refrigerant rather than on 
flow rate. For R134a the enhancement factor is 1.7, while for R410A the enhancement 
factor rises from 1.7 at a quality of 0.2, then peaks at a value of 2.3 at a quality of 004 
then falls back toward 1.7. 
The effect of tube height on heat transfer coefficient may be difficult to gage in 
the previously mentioned figures. Figure 6-31 displays the heat transfer coefficient as a 
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function of tube height for different mass fluxes at a quality of30%. According to Figure 
6-11, there appears to be an optimal tube height for heat transfer near 2.57 mm. 
6.2 18° Helix Microfin Tube Heat Transfer Results 
Figures 6-12 though 6-16 display the heat transfer coefficient data taken from the 
18° helix microfin tube. In the round tube, the data shows stratified flow characteristics 
for a mass flux of 75 kg/m2s , for a higher mass flux of 175 kg/m2s there appears to be a 
flow regime change at approximately x=0.6. 
The tube is then flattened to 5.74 mm high. For R134a, the data appears stratified 
at a mass flux of75 kg/m2s, but for higher mass fluxes of 175 and 225 kg/m2s there is a 
shift to annular flow at a quality of 0.4. Unlike the smooth tube, the annular flow heat 
transfer coefficients do not depend on mass flow rate. For R41OA, the data suggests 
stratified flow until 175 kg/m2s and then a transition to annular flow at 225 kg/m2s. Once 
the tube is flattened to 4.15 mm high, the data shows stratified flow characteristics for 75 
kg/m2s in both refrigerants. At higher mass fluxes (G> 150 kg/m2s) the data suggests 
annular flow for qualities higher than 0.3, but like the 5.74 mm high data, once the 
annular flow is reached the heat transfer coefficient has little dependence on mass flow 
rate. 
The tube is next flattened to 2.57 mm high. Again at low mass fluxes the heat 
transfer coefficient data exhibits stratified flow trends (no dependence on quality). At 
higher mass flow rates the heat transfer coefficient data exhibits annular flow trends, but 
again there is little dependence on mass flow rate. Once the tube is flattened to 0.974 
mm high, the heat transfer coefficient has a relatively constant value of7 kW/m2K 
regardless of mass flow rate, quality, or even refrigerant. 
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Figures 6-17 through 6-21 depict the heat transfer coefficient data viewed as 
enhancement factors. In the round tube, the enhancement factor is approximately 1.8, 
which is approximately the amount of surface area added by the fins. Once the tube is 
flattened to 5.74 mm high, for the lower mass flux rates (R134a 0=75 kglm2s, and 
R410A 0=75 and 175 kg/m2s) the enhancement factor is 3.7, but for higher mass fluxes 
the enhancement factor is slightly higher at a value of 4.3. Changes in the flow field 
configuration, such as an earlier transition to annular flow in a flattened tube, are primary 
reasons for the enhancement factor to be significantly higher than the surface area 
addition. 
The enhancement factor figures show an interesting trend when plotted for the 
4.15 mm flattening and 2.57 mm flattening in the 18° helix microfin tube. The 
enhancement factor for a mass flux of75 kg/m2s is the same as for mass fluxes greater 
than 300 kglm2s. For the midrange mass fluxes, (175 kglm2s to 250 kglm2s) 
enhancements are seen as high as 7.6 for R134a in the 2.57 mm high flattened tube. It is 
hypothesized that annular flow is occurring at lower mass fluxes because of the lower 
gravitational barrier. With the increased surface area added to the lower height, extremely 
high enhancement factors are seen. 
In the 4.15 mm high tube, the enhancement factor is 3.0 for R134a at mass fluxes 
less than 100 kg/m2s and greater than 300 kglm2s. The enhancement factor is as high as 
4.0 at a mass flux of225 kglm2s and can reach as high as 5.0 at a mass flux of 
175 kglm2s. The same trends are seen for R41 OA except that the enhancement factor 
rises to 3.7 for mass fluxes less than 100 kglm2s or greater than 275 kglm2s. 
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Once the tube is flattened to 2.57 nun, the enhancement factor is 3.7 for R134a 
for the high and low mass fluxes (G<75 kglm2s and G>300 kglm2s). The enhancement 
factor will rise up to 7.6 then descend back to 3.7 for mass fluxes between 75 kglm2s and 
300 kglm2s. Using R410A as the refrigerant, the enhancement factor is 3.5 for mass 
fluxes less than 100 kg/m2s or greater than 275 kg/m2s. The enhancement factor is 4.5 
for the midrange mass fluxes. 
The enhancement factor is dependent on refrigerant more than mass flux if the 
tube is flattened to 0.974 mm high. The enhancement factor is approximately 3.5 for 
R134a, while for R410A the enhancement factor is approximately 5.5. The enhancement 
factor is quite different for R134a and R410 at the small height, however the heat transfer 
coefficient is very similar (see Figure 6-16). This indicates that the ratio of liquid film 
height to thermal conductivity is similar for the two fluids. 
6.3 0° Helix Microfin Tube Heat Transfer Results 
The heat transfer coefficient data for the 0° helix microfin tube appears in Figures 
6-22 through 6-26. The 0° helix micro fin round tube data appears similar to the smooth 
round tube. At the low mass fluxes, the heat transfer coefficient is nearly independent of 
quality, but at higher mass fluxes the heat transfer coefficient is linearly dependent on 
quality. 
The 0° helix microfin tube shows the same trends that were observed in the 18° 
helix tube after flattening to 5.74 nun. The heat transfer coefficient is nearly independent 
of quality at a mass flux of75 kg/m2s. At higher mass fluxes, the heat transfer coefficient 
is linearly dependent on quality, but shows little dependence on mass flux. The 4.15 mm 
high flattened tube shows similar trends as the 5.74 mm high flattened tube. 
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The heat transfer coefficient still shows stratified trends at a mass flux of 
75 kg/m2s, but annular trends at higher mass fluxes when the tube is flattened to 2.57 
mm. At mass fluxes greater than 225 kg/m2s, the heat transfer coefficient appears to 
have little dependence on mass flux. The 175 kg/m2s data shows lower heat transfer 
coefficients than data for greater mass fluxes. 
The heat transfer coefficient for R134a is approximately 4.5 kW/m2K and for 
R410A approximately 3.5 kW/m2K, regardless of mass flux or quality in the 0.974 mm 
high flattened axially grooved tube. 
The heat transfer coefficient data for the 0° helix microfin tube shown in terms of 
an enhancement factor appears in Figures 6-27 through 6-31. For a round tube, the 
enhancement factor is 1.0, indicating there is no improvement over round smooth tube 
heat transfer. Flattening the tube to 5.74 mm high, with a mass flux of75 kg/m2s the 
enhancement factor is 1.2 for R134A and 2.0 for R41 OA. The enhancement factor at 
higher mass fluxes is linearly dependent on quality and not strongly dependent on mass 
flux for R41OA. The R134a data, however, shows strong mass flux dependence. 
Figures 6-27 through 6-31 for 0° helix enhancement factors, show similar 
characteristics to the 18° helix figures. For the 4.15 mm high tube data, at mass fluxes of 
75 kg/m2s and 300 kg/m2s, the enhancement factor is constant in quality at 1.7 and 2.5 
respectively. The data for the mid-range mass fluxes (between 150 kg/m2s and 250 
kg/m2s show the enhancement factor to rise linearly with quality. 
After the tube is flattened to 2.57 mm, the enhancement factor is constant at 2.0 
for any quality less than 0.5. Using R134a at higher qualities, the enhancement factor is 
2.0 for high and low mass fluxes and 3.0 for midrange mass flux. If the refrigerant is 
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R410A, there is a slight rise in the EF, but only to a value of2.5 for the mid range mass 
fluxes. 
Flattening the tube to 0.974 mm high makes the EF highly dependent on 
refrigerant. The R134a enhancement factor is higher than the R410A enhancement factor, 
yet the enhancement factors for both refrigerants decline as quality increases. 
6.4 Summary of Heat Transfer Data 
The heat transfer coefficient and enhancement factor viewpoints help identify 
when significant changes are occurring in the flattened tubes. In the smooth tubes, the 
heat transfer coefficient data behaves similarly to the round tube, with the coefficient 
increasing with quality and mass flux. 
The flattened microfin heat transfer coefficient behaves differently. Low mass 
flux heat transfer coefficients still appears to be in a stratified flow mode with little 
dependence on quality. However, at higher mass fluxes heat transfer coefficients do 
linearly increase with quality. The heat transfer coefficient appears to show little 
dependence on mass flux for data in the annular flow regime. This observation is in 
contrast to the trends observed in smooth tubes. 
The controlling factor of the heat transfer in a micro fin tube is interaction between 
the microfin and liquid refrigerant. This data suggests that once the tube is flattened, the 
heat transfer coefficient has little dependence on the overall two-phase velocity. 
Therefore, forces other than inertia may dominate the fin (and overall tube) heat transfer 
(i.e. surface tension). 
Once the micro fin tube has been flattened to 0.974 mm high, the heat transfer 
coefficient is dependent only upon the refrigerant. Referring back to Chapter 4, the 
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0.974 mm high tubes have substantially lower void fractions than the other tubes. This 
lower void fraction suggests thick liquid films. If the liquid film is extremely thick, the 
liquid film velocity profile near the wall may be independent regardless of the vapor 
fraction and speed, resulting in a constant heat transfer coefficient. 
Relating this to the enhancement factor trends, in the smooth tube the 
enhancement is generally related to the smaller diameter and the relationship that 
h ~ D-O.2 in annular flow. In the micro fin tubes, however, the 175 kglm2s and 225 kg/m2s 
mass fluxes have higher enhancements than the 300 and 400 kglm2s mass fluxes. This is 
due to annular flow occurring at lower qualities in the flattened tubes than in round tubes 
for mass fluxes of 175 kglm2s and 225 kglm2s. For the 75 kglm2s mass flux, stratified 
flow is predominating in a heat exchanger no matter the quality or height. For mass 
fluxes of 300 kg/m2s and above, annular flow is occurring throughout most the quality 
range at any flattening height. Therefore, any heat transfer coefficient enhancements for 
mass fluxes of75 kg/m2s and less or 300 kg/m2s or greater, are due solely to area 
addition. 
Figure 6-32 displays both the effect of adding microfins and the microfin helix 
angle effect on the heat transfer coefficient. The figure shows data for a 2.57 mm high 
tube at a mass flux of 400 kglm2s. The smooth and 0° helix tube show similar heat 
transfer coefficient characteristics, but the 18° helix has a much higher heat transfer 
coefficient. 
The highest heat transfer coefficients are seen in the 18° helix microfin tube at 
flattening heights of2.57 mm and 0.97 mm. For these tube conditions the heat transfer 
coefficient is essentially independent of velocity for mass fluxes greater than 225 kglm2s. 
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Also, the average heat transfer coefficient for the 2.57 mm high tube is equal to or greater 
than the average heat transfer coefficient in the 0.974 mm high tube. Thus, when 
designing a heat exchanger using flat tubes, the optimal height for refrigerant side heat 
transfer is near 2.57 mm high. Flattening the tube more than 2.57 mm will increase the 
refrigerant side pressure drop, with no heat transfer benefit. 
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Figure 6-6 Heat Transfer Enhancement for Round Smooth Tubes (8.91 mm Inside 
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Figure 6-8 Heat Transfer Enhancement for Smooth Tubes Flattened to 4.15 mm Inside 
Height. Mass Flux (G) in kg/m2s. 
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Figure 6-9 Heat Transfer Enhancement for Smooth Tubes Flattened to 2.57 mm Inside 
Height. Mass Flux (G) in kg/m2s. 
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Figure 6-10 Heat Transfer Enhancement for Smooth Tubes Flattened to 0.974 mm Inside 
Height. Mass Flux (G) in kg/m2s. 
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Figure 6-11 The Effect of Tube Height on Heat Transfer Coefficient in a Smooth Tube. 
This Data was Taken at an Average Quality of30%. Mass Flux (G) is Given in kg/m2s. 
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Figure 6-12 Heat Transfer Coefficient for Round 18° Helix Microfin Tubes (8.91 mm 
Inside Diameter). Mass Flux (G) is Given in kg/m2s. 
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Figure 6-13 Heat Transfer Coefficient for 18° Helix Microfin Tubes Flattened to 5.74 
nun Inside Height. Mass Flux (G) is Given in kglm2s. 
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Figure 6-14 Heat Transfer Coefficient for 18° Helix Microfin Tubes Flattened to 4.15 
mm Inside Height. Mass Flux (G) is Given in kg/m2s. 
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Figure 6-15 Heat Transfer Coefficient for 180 Helix Microfin Tubes Flattened to 2.57 
mm Inside Height. Mass Flux (0) is Oiven in kg/m2s. 
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Figure 6-16 Heat Transfer Coefficient for 180 Helix Microfin Tubes Flattened to 0.974 
mm Inside Height. Mass Flux (0) is Oiven in kg/m2s. 
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Figure 6-17 Heat Transfer Enhancement for Round 18° Helix Microfin Tubes (8.91 mm 
Inside Diameter). Mass Flux (0) in kg/m2s. 
5 
4 
3 
2 
1 
o 
o 
D • 
e: 
o 
• 
0.2 
e • 
o 
0 
• 
·0 • D 
---. --. 
e: 110 ClI 0 , 
0 0=75 R134a 
D 0=175 R134a 
0 0=225 R134a 
e 0=75 R410A 
• 0=175 R410A 
• 0=225 R410A 
_ .. - _. _ .. 
0.4 0.6 0.8 
Quality 
1 
Figure 6-18 Heat Transfer Enhancement for 18° Helix Microfin Tubes Flattened to 5.74 
mm Inside Height. Mass Flux (0) in kglm2s. 
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Figure 6-19 Heat Transfer Enhancement for 18° Helix Microfin Tubes Flattened to 4.15 
mm Inside Height. Mass Flux (G) in kg/m2s. 
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Figure 6-20 Heat Transfer Enhancement for 18° Helix Microfin Tubes Flattened to 2.57 
mm Inside Height. Mass Flux (G) in kg/m2s. 
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Figure 6-21 Heat Transfer Enhancement for 18° Helix Microfin Tubes Flattened to 0.974 
mm Inside Height. Mass Flux (0) in kglm2s. 
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Figure 6-22 Heat Transfer Coefficient for Round 0° Helix Microfin Tubes (8.91 mm 
Inside Diameter). Mass Flux (0) is Given in kglm2s. 
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Figure 6-23 Heat Transfer Coefficient for 0° Helix Microfin Tubes Flattened to 5.74 mm 
Inside Height. Mass Flux (G) is Given in kg/m2s. 
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Figure 6-24 Heat Transfer Coefficient for 0° Helix Microfin Tubes Flattened to 4.15 mm 
Inside Height. Mass Flux (G) is Given in kg/m2s. 
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Figure 6-25 Heat Transfer Coefficient for 0° Helix Microfin Tubes Flattened to 2.57 mm 
Inside Height. Mass Flux (G) is Given in kg/m2s. 
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Figure 6-26 Heat Transfer Coefficient for 0° Helix Microfin Tubes Flattened to 0.974 
mm Inside Height. Mass Flux (G) is Given in kglm2s. 
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Figure 6-27 Heat Transfer Enhancement for Round 0° Helix Microfin Tubes (8.91 mm 
Inside Diameter). Mass Flux (0) in kg/m2s. 
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Figure 6-28 Heat Transfer Enhancement for 0° Helix Microfin Tubes Flattened to 5.74 
mm Inside Height. Mass Flux (0) in kg/m2s. 
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Figure 6-29 Heat Transfer Enhancement for 0° Helix Microfin Tubes Flattened to 4.15 
mm Inside Height. Mass Flux (G) in kg/m2s. 
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Figure 6-30 Heat Transfer Enhancement for 0° Helix Microfin Tubes Flattened to 2.57 
mm Inside Height. Mass Flux (G) in kg/m2s. 
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Figure 6-31 Heat Transfer Enhancement for 0° Helix Microfin Tubes Flattened to 0.974 
mm Inside Height. Mass Flux (G) in kg/m2s. 
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Figure 6-32 The Effect of Adding Microfins on Flattened Tube Heat Transfer Coefficient. 
The Data was Taken at a Mass Flux of 400 kg/m2s in a 2.57 mm High Flattened Tube. 
135 
7. Smooth Flattened Tube Pressure Drop and Heat Transfer Modeling 
The goal of this chapter to compare experimental results with two idealized 
models. One model assumes a uniform liquid film around the total perimeter. The other 
assumes that a portion of the liquid segregates into the side walls. Quantitative as well as 
qualitative agreement under certain flow conditions may suggest similar flow fields. 
In two-phase flow modeling, a common method is to analyze the liquid turbulent 
boundary layer (Traviss (1975), Hurlburt (2000)) that is driven by the interfacial shear 
from the vapor flow. A void fraction model is first used to calculate the thickness of the 
liquid film. The liquid film velocity profile is then assumed to exhibit 'law of the wall' 
behavior. The wall shear stress (pressure drop) and temperature gradient (heat transfer 
coefficient) can be determined once the velocity profile is known. 
7.1 Uniform Film Modeling 
Two different flow configurations were assumed for modeling purposes in a 
smooth tube. The first regime is a uniform film and is depicted in Figure 7-1. In this 
regime the entire perimeter of the tube is coated with a uniform liquid film of constant 
thickness (hi). The void fraction can be related to the liquid film height (hi) by 
(7.1) 
Where P is the inside perimeter of the tube and Acr is the total cross-sectional area. The 
void fraction is calculated using equation (4.3). Models based on this flow regime are 
labeled (model- film) in the Chapter 7 figures. 
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7.2 Partially Separated Film Modeling 
The other flow regime, which will be labeled (model- sep) is also depicted in 
Figure 7-1. In this regime, the circular ends of the tube are assumed to fill with liquid 
and the flat portion of the tube has a uniform film. The void fraction can now be related 
to film height by 
(7.2) 
Where w is the width and z is the height of the flattened tube (see Figure 7-1). 
The partially separated model is only used in the 0.974 mm high tube for two 
reasons. First, the circular side area is so large that there isn't enough liquid to fill the 
side area, giving negative liquid film heights. Second, the 0.974 mm high tube had much 
lower void fraction than the other tubes, suggesting a separated flow regime. 
7.3 Implementation of Model 
To implement these models, the void fraction must be determined using equation 
(4.3). Next the liquid film height must be calculated by using equation 7.1 or 7.2. The 
mean liquid velocity is calculated using the void fraction, quality, refrigerant density, and 
mass flow rate. 
_ rill (1- x}m (1- x) G 
ul = PIAl = (l-a)PIAcr = (I-a) PI (7.3) 
Now, the 'law of the wall equations' can be implemented. First, the friction velocity, u·, 
is defined. Then dimensionless velocity and lengths are defined . 
. N, u = -
PI 
(7.4) 
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+ u 
u =-
• u 
(7.5) 
(7.6) 
(7.7) 
The shear stress, 't ,is unknown. The 'law of the wall' velocity profile is expressed with 
+ fun' f+ U as a ctlon 0 y . 
(7.8a) 
(7.8b) 
(7.8c) 
To bring all of the equations together, the velocity profile is integrated to determine the 
mean velocity. 
(7.9) 
Rearranging 
(7.10) 
Equations 7.4 through 7.10 can be solved simultaneously. 
Once the shear stress ('t) is known, the pressure drop can be determined. 
dP P't 
-=- (7.11) 
dz Acr 
The heat transfer coefficient can also be calculated ifu· and hl+have been 
determined. 
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(7.12) 
• 
5 <l <30 
p,cp,u h= ' h+ 
5 . Pr + 5 ·In(1 + -' Pr - 5) 
, 5' 
(7.13) 
(7.14) 
7.4 Modeling Results for 2.57 mm High Flattened Tube 
Figures 7-2 and 7-3 show the results of the liquid film modeling for R134a and 
R410A pressure drop respectively. The R134a pressure drop data compares very well to 
the 'uniform film model' prediction, however the R410A model tends to over-predict the 
pressure drop by 25%. 
Figures 7-4 and 7-5 display the results of the liquid film modeling for the R134a 
and R410A heat transfer coefficient, respectively. The 'uniform film model' gives a 
reasonable prediction of the R134a heat transfer coefficient, but similar to the pressure 
drop prediction the 'uniform film model' consistently over predicts the R410a heat 
transfer coefficient. 
7.5 Modeling Results for 0.974 mm High Flattened Tube 
Figures 7-6 and 7-7 display the pressure drop predictions using the liquid film 
modeling for R134a and R41OA, respectively. Both the 'separated model', and the 'film 
model', give reasonable pressure drop predictions at low qualities for R134a. At higher 
qualities however, it appears that an average of the two model's predictions would give 
an accurate prediction. For R41OA, the 'separated model' gives accurate predictions, for 
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the lower mass fluxes, but an average between the two models may be more appropriate 
to predict the pressure drop at higher mass fluxes. 
The heat transfer coefficient predictions are shown in Figures 7-8 and 7-9. Figure 
7-8, which depicts the R134a heat transfer coefficient, suggests that the 'separated model' 
predicts reasonable heat transfer coefficient at low mass fluxes (less than 200 kg/m2s). 
At higher mass fluxes, the 'separated model' gives reasonable predictions at low quality, 
but at higher qualities a mixed model may be more appropriate. In Figure 7-9, all of the 
models over predict the R410A heat transfer coefficient. 
7.6 Summary of Ideal Flow Modeling 
In the 2.57 mm high flattened tube, the 'uniform film model' performed an 
adequate job of predicting the R134a heat transfer coefficient and pressure drop. The 
R410A model slightly over predicted the pressure drop and heat transfer coefficient. One 
possible explanation is that the film thickness prediction is incorrect, and the actual film 
is thicker than calculated. Another explanation may lie in the mixture properties of 
R410A. Because R41 OA is a mixture, its material properties (viscosity, density, specific 
heat, etc.) have a strong dependence on temperature, pressure, and composition. The 
uncertainty in these properties may be the underlying cause of the model's inaccuracy. 
In the 0.974 mm high flattened tube, the 'uniform film model' accurately predicts 
pressure drop at low qualities. An average between the two models may be more 
appropriate at predicting the pressure drop for qualities greater than 0.25. For predicting 
the R134a heat transfer coefficient, an average of the models for qualities great than 0.25 
is appropriate. The R410A heat transfer coefficient models over predict the data, similar 
to the over prediction in the 2.57 mm tube. 
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These models may be suggesting that liquid may just be segregating to one side of 
the tube instead of both sides. The cause ofthis separation may be related to the low void 
fraction (and high liquid fractions) seen in the 0.974 mm tube. The tube may possibly be 
filled with low inertia liquid that tends to segregate to one side or the other. 
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8. Computer Simulation 
This chapter will discuss the results of a computer simulation examining the 
relationships between heat exchanger characteristics (pressure drop, tube length, 
refrigerant mass) and tube height. The effects of the tube height on these characteristics 
are predicted using relations derived from the experimental investigation. The purpose of 
this section is not to determine the optimal tube (this would necessitate an economic 
analysis), but rather to show the interrelation of refrigerant side effects. 
8.1 Simulation and Assumptions 
This simulation is based on a heat exchanger load of 0.5 tons (1750 W) in a single 
tube refrigeration circuit. 
Qtotal = 1750 Watts (8.1) 
(8.2) 
An air-side convection coefficient of 100 W/m2K is chosen, with 7 fins/cm with a cross-
sectional area of 4 cm2 (Please see Figures 8-1 and 8-2 for a drawing schematic). The 
tube is assumed to be a 8.91 mm inner diameter (3/8") round tube with the possibility of 
being flattened to 2.5 mm high (on the inside). The ambient air is assumed to be 20°C 
and the inlet temperature of the refrigerant is 35°C. 
The refrigerant is assumed to enter the heat exchanger as saturated vapor and 
leave as saturated liquid. To perform the numerical simulation, the heat exchanger is 
divided into 100 sections, in which the quality change in each section is 0.01. 
Q Qtotal . h A 
sec = -- = mtotal IvLlX 
n 
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(8.3) 
Where n is the number of sections, ~X is the quality change in each section, h1v is the 
enthalpy of vaporization. 
The parameter 'i' is an index that goes from 0 to n-l, with the quality in each 
section (Xi) defined by 
i + 0.5 (8.4) 
n 
The refrigerant void fraction, pressure drop, and heat transfer coefficient is 
calculated using the results from Chapters 4, 5 and 6. The void fraction is calculated by 
equation (4.3), and the pressure drop by equation (5.3). The heat transfer coefficient is 
calculated by first using the Dobson correlation given by equation (2.128) or equation 
(2.130). The enhancement factor is found using the figures at the end of Chapter 6. The 
heat transfer coefficient is then calculated by multiplying the Dobson prediction by the 
enhancement factor. 
The heat transfer coefficient is used to calculate the length of the section. 
Q = Tref - Tair 
sec LR (8.5) 
(conduction in tube wall neglected) (8.6) 
(8.7) 
A fin fins A. =p.L. +--L· =p.L. +8-L. 
air I meter I I cm I (8.8) 
Where href is the refrigerant side heat transfer coefficient, hair is the air side heat transfer 
coefficient, P is the perimeter, and Li is the length of the section. 
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Once the section length in known, the mass in a section and the pressure drop 
across a section are also calculated. 
(8.9) 
(8.10) 
To complete the simulation, all of the section lengths, pressure drops, and refrigerant 
masses are summed. 
One important variable that is not accounted for is the air side heat transfer 
coefficient. This parameter may change considerably as the tube is flattened and the 
effect on the length of each section Li may be seriously affected. This variable is fairly 
important, as the main resistance to heat transfer is on the air side. 
8.2 Results 
The results of the smooth tube simulation appear in Figure 8-3. In this figure, the 
changes in pressure drop, refrigerant mass, and tube length are compared. These changes 
are represented as a ratio of the flattened tube heat exchanger characteristics, to the round 
tube heat exchanger characteristics. 
As the tube is flattened, the total length of tube required decreases, the total 
refrigerant mass decays exponentially, and the pressure drop increases exponentially. 
Figures 8-4 and 8-5 display the results from the 18° helix microfin tube and 0° helix 
microfin tube simulations, respectively. These figures indicate that the pressure drop 
penalty becomes much more significant for tube heights less than 5.0 mm. 
Figure 8-6 displays the effect of adding circuits in a smooth tube at 5.0 mm high. 
Most of the benefits of circuiting, (less pressure drop) occurs in going to 2 circuits from 
1. Adding one circuit causes the pressure drop to decrease by 80% with only a 5% 
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increase in total tube length, but a 30% increase in total tube mass from a one circuit heat 
exchanger. Extra tube circuits add to the cost of the heat exchanger, due to the cost of 
labor and installing a fitting. Also, manufactures have significant difficulty distributing 
refrigerant as the number of circuits increases. 
Lastly, a comparison is made between microfin tubes and smooth tubes in Figure 
8-7. A single circuit, round, smooth tube with a 8.91 mm diameter is considered to be the 
base case. A single smooth tube flattened to 5.0 mm shows 70% higher pressure drop, 
but with a 40% drop in refrigerant mass, and 10% decrease in tube length Gust as in 
Figure 8-3). A single microfin tube shows significantly higher pressure drop than the 
base case (up to 7 times higher), with a 50% decrease in refrigerant mass (similar to 
smooth tube) and a 20% to 25% drop in overall tube length. If a second circuit is added 
in parallel, the smooth tube shows a 75% reduction in pressure drop, a 20% reduction in 
refrigerant mass, and 5% reduction in tube length. Two 18 helix microfin tubes in 
parallel, show a 20% decreases in pressure drop, with a 20% drop in overall tube length, 
and a 45% reduction in refrigerant mass from the base case. For the micro fin tubes, the 
18 helix tube performs slightly better than the 0 helix microfin tube. 
According to this simulation, if reducing mass and tube length is important, then 
it is best to use a one circuit microfin tube. If the pressure drop penalties are too high 
however, and design must use refrigerant circuits in parallel, then two 18 helix micro fin 
tube circuits may be preferred. 
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9. Conclusion 
This chapter summarizes the data, models, and simulations presented in this 
dissertation. 
9.1 Summary of Experimental Data 
Flattened tube refrigerant void fraction data was presented in Chapter 4. As the 
tube was flattened to 2.57 mm high, the void fraction characteristics were similar to a 
round tube. Table 4.1 suggests that the constants used in the void fraction correlation of 
equation (4.3) are the same for round tubes as for flattened tubes if the flattening height is 
greater than 2.57 mm. Once the tube is flattened to 0.974 mm high, the void fraction is 
lower than at the same flow conditions in the tube with a higher flattening height. This 
suggests that different flow regime (possibly a slug/plug flow) may be occurring in the 
0.974 mm flattened tube. 
Another important feature of the void fraction data occurred at low qualities and 
low mass fluxes. In the smooth and 0° helix micro fin tube, there was a tendency for the 
void fraction to approach the homogenous limit at low mass fluxes and low qualities. In 
the 18° helix microfin tube, this tendency was not nearly as noticable, suggesting that the 
18° helix microfin tube is more adept at keeping the flow in the annular regime. Equation 
(4.3) is able to predict the flattened tube refrigerant void fraction to within 10%. 
Refrigerant pressure drop data was presented in Chapter 5. The figures described 
in Chapter 5, show that common round tube correlations have significant variations. A 
new correlation was given that can successfully compute the flattened tube pressure drop 
to within 20%. 
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A discussion of the flattened tube heat transfer coefficient data appears in Chapter 
6. One characteristic of this data was that as the tube was flattened from 8.91 mm high 
to 2.57 mm high, the heat transfer coefficient increased at the same flow conditions (mass 
flux, refrigerant, and quality). However, once the tube was flattened from 2.57 mm to 
0.974 mm the heat transfer coefficient at the same flow conditions decreased, indicating 
that there may exist an optimal height for refrigerant side heat transfer. 
Another important observation was seen in the micro fin tubes. As the mass flux 
was increased in the flattened tubes, the heat transfer coefficient did not increase, 
contrary to what was expected in many of the heat transfer coefficient correlations. This 
phenomena was seen in the annular flow region and suggests that once the flow reaches 
the annular flow regime, the heat transfer coefficient is dependent on the fins, and the 
overall refrigerant velocity has little effect on the heat transfer coefficient. 
9.2 Modeling Results 
Chapter 7 discussed liquid film modeling. The data from the 2.57 mm high tube 
agreed with a uniform film model. The data from the 0.974 mm tube agreed with a 
uniform film model for qualities less than 0.25, but with a combination of a uniform film 
and separated flow model for higher qualities. 
9.3 Summary of Simulation Results 
A computer simulation of 0.5 ton refrigerant to air heat exchanger appeared in 
Chapter 7. The results of the simulation suggested that when flattening a 8.91 mm round 
tube the pressure drop penalties become significant at a height of 4.0-5.0 mm (nearly 
twice the pressure drop as in a round tube). At this flattening height, the total refrigerant 
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mass requirement is only 40%-55% of the mass required in a round tube heat exchanger. 
The total length of tubing has decreased by 10-20% of the round tube length. 
By splitting the heat exchanger into two parallel circuits of 5mm flattened tubes, 
the pressure drop is reduced considerably to only 15% of the pressure drop seen in one 
flattened tube. The total refrigerant mass and overall tube length only increase a few 
percent by going to two-parallel circuits. However there is a cost penalty due to 
manufacturing a parallel circuit heat exchanger. Figure 7-6 investigates a heat exchanger 
made out of 5 mm high flattened tubes. This figure depicts the pressure drop gains by 
circuiting with little or no refrigerant mass and tube length penalties in the microfin 
tubes, and with small refrigerant mass and tube length penalties in the smooth tubes. The 
advantages of microfin tubes (less tube length) are small because of the dominance of the 
air side heat transfer resistance as compared to the smooth tube. 
9.4 Overall Conclusion 
The purpose of this study was to observe the refrigerant side effects of flattening a 
tube. Some of the interesting observations include: 
• Significant lower void fractions in tubes flattened to 0.974 mm high than in larger 
tubes 
• High heat transfer coefficients observed in the microfin tubes when flattened 
• Independence of mass flux on heat transfer coefficient in flattened microfin tubes for 
flow in the annular flow regime 
• Independence of mass flux and quality on heat transfer coefficient in the micro fin 
tubes when flattened to 0.974 mm high. 
• There may be benefits of flattening a tube depending on how high of a pressure dorp 
can be tolerated. 
Interesting future work in this area would include an air side study, and the effects of oil 
and tube orientation. 
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